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Preface 


The  Japan  Chapter  of  SAMPE  is  greatly  honored  to  host  the  Seventh  International 
SAMPE  Symposium  and  Exhibition,  JISSE-7  after  the  remarkable  success  in  the 
previous  6  JISSE  symposia  held  in  1989,  1991,  1993,  1995,  1997  and  1999.  At  this 
moment,  JISSE-7  will  be  held  from  November  13  to  16,  2001,  at  Tokyo  Big  Sight  in  the 
Tokyo  Bay  downtown  area  in  Tokyo  whereas  an  Exhibition  will  run  from  November  13 
to  15  at  the  exhibition  halls  in  Tokyo  Big  Sight. 

The  subjects  of  JISSE-7  cover  all  areas  of  advanced  materials  research  and 
development  with  a  focus  on  industrial  applications.  New  processing  technologies 
related  to  low  cost  structures  and  futuristic  new  topics  such  as  nano-technology  with  a 
relation  to  information  technology  (IT)  are  of  current  interest  and  are  expected  to 
develop  further  in  the  21st  Century.  A  total  of  234  papers  including  plenary 
presentations  from  all  over  the  world  is  presented  at  the  symposium.  Plenary  talks  will 
be  given  by  Dr.  James  C.I.  Chang,  Dr.  Scott  W.  Beckwith,  Prof.  Hiroshi  Komiyama,  Dr. 
Darrel  R.  Tenney,  Mr.  Jens  Hinrichsen,  Mr.  Hideo  Katsumata  and  Prof.  Stephen  W.  Tsai, 
highlighting  this  symposium.  Their  contribution  is  hereby  acknowledged  as  well  as 
contribution  by  other  keynote  speakers  in  some  sessions.  General  presentations  will  be 
given  in  15  sessions  including  Student  Session  chaired  by  Prof.  H.  Fukuda.  Exhibition 
will  provide  a  general  scope  of  advanced  material  applications  to  widespread  industries 
in  Japan.  The  symposium  and  exhibition  was  designated  to  complement  each  other 
closely  to  maximize  both  benefits. 

On  behalf  of  the  Symposium  Committee,  we  would  like  to  express  our  sincere 
thanks  to  the  Organizing  Committee  members,  Advisory  Board  members,  Exhibition 
Committee  Members,  and  SAMPE  headquarters’  staff,  whose  dedication  was  the  key  for 
the  success  of  this  conference.  We  extend  our  sincere  thanks  as  well  to  all  speakers  and 
authors,  session  co-chairs,  and  participants  for  making  the  conference  very  successful. 


We  also  wish  to  thank  the  Asian  Office  of  Aerospace  Research  and  Development/ 
Air  Force  Office  of  Scientific  Research  (AOARD/AFOSR),  Army  Research  Office-Far 
East  (AROFE),  and  some  foundations  for  their  financial  support. 


We  acknowledge  finally  Mr.  Yoshinori  Matsuoka  of  SAMPE  Japan  ISO,  Dr.  Toru 
Morii  and  Professor  Tosio  Tanimoto  of  Shonan  Institute  of  Technology  for  their 
contributions  in  supporting  us  for  making  the  conference  efficient. 


Takashi  Ishikawa 

Program  Committee  Chairperson,  NAL 


Sunao  Sugimoto 


Program  Committee  Vice-Chairperson,  NAL 
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Abstract 

This  paper,  and  the  more  extended 
presentation,  provides  an  overview  of  those 
manufacturing  technologies  often 
considered  to  be  'low  cost’  as  well  as ' low 
technology’.  At  the  same  time,  the  areas 
pertaining  to  '  advanced  composites’ 
technology  and  their '  high  technology’ 
counterparts  are  briefly  reviewed.  While  the 
advanced  composites  manufacturing, 
materials  and  innovative  design  have  always 
provided  the  baseline  for  technology 
transfer  to  FRP  (fiber  reinforced  plastic) 
composites  areas,  their  influence  has 
constantly  impacted  the  commercial  and 
industrial  marketplace.  New  resins,  new 
processing  techniques,  new  design  methods, 
developments  within  the  nanocomposites 
scale,  and  improvements  in  materials  and 
fabrication  costs  have  all  made  their 
contributions  to  this  transfer  of  technologies 
[1-3]. 

Key  Words:  Advanced  Composites,  FRP 
Composites,  Nanocomposites,  Technology 
Transfer 


Introduction 

SAMPE  international  technical 
conferences  (Europe,  Japan,  USA)  have 
been  an  excellent  example  over  the  years  of 
documenting  materials  and  processing 
advances  from  the  time  they  first  enter  the 
research  arena  until  they  begin  to  enter 
serious  usage  within  specific  market  places. 
Aerospace,  which  represents  essentially  a 
very  small  market  for  composites,  with  less 
than  even  5%  on  a  materials  weight  basis, 
still  plays  a  dominant  role  from  an  entry 
standpoint.  It  is  from  this  type  of  platform 
that  technology  is  developed  and  then 
captured  by  the  commercial  and  industrial 
markets. 

Sports  and  recreation,  medical, 
oilfield  development  and  production, 
ground  transportation,  wind  energy, 
entertainment,  and  many  other  areas  have 
utilized  new  fiber/resin  systems  and 
advanced  processing  methodology  to 
leapfrog  into  viable  composite  products. 
This  paper  will  examine  a  few  of  these 
materials  and  processes  while  discussing  the 
advances  in  technology  transfer  seen  over 
the  past  few  years. 
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Low  Cost  Composites/FRP  Advanced  Composites  Processing  is 

Manufacturing  Are  Not  New  Entering  New  Territories 


Low  cost  composites  and  FRP 
manufacturing  technology  is  not  new.  There 
are  a  number  of  processes  available  for 
producing  commercial-grade  products  using 
glass-fiber  and  commercially  available  resin 
systems  [4,5],  Figure  1  shows  underground 
tanks  made  by  centrifugal  casting  methods 
in  large  diameters.  Other  low  cost  methods 
such  as  filament  winding,  contact  molding 
and  lamination  techniques  can  also  be  used 


Fig.  1  Centrifugal  Cast  Underground 
FRP  Composite  Storage  Tanks 


In  fact  many  of  these  processes  have 
been  modified  to  produce  lower  cost, 
production  line  quantities  using  the  same 
materials  in  combination  with  sand  for 
obtaining  stiffness  improvements  by 
'bulking’  the  El  factor  at  much  lower  costs. 
Figure  2  shows  a  typical  'continuous’  pipe 
product  that  rely  on  low  cost  materials  and 
mass  production  filament  winding  process 
techniques  (like  pultrusion). 


Advanced  composites  processes 
most  likely  accelerated  with  the  availability 
of  S-glass  fiber  in  the  1960s,  aramid  fiber  in 
the  1970s,  and,  finally  carbon  and  graphite 
fibers  in  the  1980s  and  1990s  [6-8 J.  Figure  3 
is  a  prime  example  of  a  filament  wound, 
prepreg  carbon  fabric  reinforced  large 
diameter  solid  rocket  motor  case  developed 
in  the  1980s 


Fig.  3  3.7-Meter  Carbon  Fiber/Epoxy 
Composite  Rocket  Motor  Case  Segment 

Automated  tape  laying,  fiber 
placement  technology  (derived  ffom 
filament  winding  and  tape  laying),  resin 
infusion  methods  (RTM,  VARTM, 
SCRIMP™,  RFI  and  others)  all  saw 
extensive  development  in  the  past  20-30 
years.  Figure  4  demonstrates  the  unique 
aspects  of  resin  transfer  molding  (RTM) 
with  the  cross-section  of  a  propeller  blade. 


Fig.  4  RTM/VARTM  High  Performance 
Composite  Aircraft  Propeller  Blade 
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Low  Cost  vs.  High  Tech:  Where  Do  They 
Meet  and/or  Compliment  Each  Other? 

In  the  two  proceeding  sections  it 
should  be  clear  that  low  cost  materials,  low 
cost  process,  high  tech  materials  and  high 
tech  processes  have  been  assessed  and 
modified  to  meet  the  needs  of  the  various 
market  segments.  In  fact,  many  of  the 
manufacturers  and  material  suppliers, 
because  of  the  rapid  changes  in  the  politics 
associated  with  the  Cold  War’,  have 
repositioned  through  extensive  technology 
transfer  across  many  market  segments. 


Fig.  5  High  Performance  Composite 
RTM/VARTM  Racing  Bicycle  Wheels 

Figure  5  is  an  example  of  the  high 
performance  materials  and  processing 
technology  applied  to  sports  and  recreation 
products  such  as  racing  bicycle  wheels. 
RTM  and  VARTM  processes,  and 
numerous  variations  of  the  basic  methods, 
have  expanded  the  applications  of  materials 
into  the  more  commercial  markets. 

Low  cost  carbon  fiber  in  the  form  of 
'large  tow’  fiber  in  the  48K  to  140K  range 
have  allowed  these  unique  materials  to 
begin  entering  into  the  commercial  market 
segment  in  the  oilfield,  infrastructure, 
highway  construction,  seismic  retrofit, 
CNG/NGV  tanks,  pultrusion  products  and 
several  other  areas.  While  the  automotive 
market,  with  its  emphasis  on  low  cost  goals 
and  high  production  rates,  is  still  a  tough 
market  to  enter  at  the  current  time.  Entry 


has  been  possible  primarily  through  the  use 
of  chopped  fiber  and  thermoplastic  resin 
systems  except  for  high  performance 
applications  such  as  drive  shafts  and  CNG 
tanks. 

Stiffness  and  strength  driven 
commercial  and  industrial  applications  are 
the  main  market  'puli’  for  high  performance 
materials  and  unique  processes.  Oilfield 
technology  in  the  form  of  composite  risers, 
tension  leg  platforms  (TLPs),  accumulator 
bottles,  and  flexible  coiled  tubing  appear  to 
be  the  current  application  areas  where 
carbon  fiber  materials  have  considerable 
potential. 

Almost  all  of  the  technology 
developed  to  date  in  the  1 960-2000  time 
period  has  focused  on  materials 
development  at  the  macro-  and  micro-level 
with  significant  results.  Nanocomposites  - 
the  new  technology  of  the  21st  Century,  is 
making  inroads  at  a  level  one  order  of 
magnitude  below  current  technology.  The 
materials,  processing  methods,  analysis 
tools  and  advanced  applications  [9]  are 
beginning  to  become  more  apparent.  'Smart 
materials’  coupled  with  'nanocomposites’ 
technologies  are  becoming  more  apparent  as 
we  better  understand  these  unique  systems. 

Summary 

The  advanced  composites  and  FRP 
composites  areas  have  continued  to  growth 
and  feed  each  other  in  terms  of  technology 
and  market  needs.  New  materials,  new 
technology,  and  ultimately  new  processing 
methods  are  turning  to  different  paths  and 
manufacturing  scales.  Nanotechnology  is  an 
important  area  of  the  future  that  is  rapidly 
being  explored.  SAMPE  Members,  and 
SAMPE  Conferences  and  Symposia,  are 
starting  to  see  the  aspects  of  this  new 
technology  show  up  in  the  technical 
programs.  The  SAMPE  2002  program  focus 
already  will  include  a  major  portion  on 
nanotechnology  by  inclusion  of  a 
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Nanocomposites  Symposium  held  within 

the  SAMPE  2002  technical  program. 
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1.  Introduction 

Ever  since  President  William  J.  Clinton  declared  that  we  have  entered  the  nano-world  on  January 
21,  2000  at  California  Institute  of  Technology,  the  nanotechnology-related  research  has  become 
something  like  a  worldwide  competition  (1)’  (2l  The  potential  of  nanotechnology  is  expected  to 
displace  major  existing  technologies,  create  new  industries,  and  transform  archetypal  scientific 
models  in  the  area  of  energy,  environment,  communications,  computing,  medicine,  and  other 
materials  related  areas.  Japan  is  also  going  to  reinforce  the  development  in  nanotechnology  for 
materials.  This  report  exhibits  the  grand  design  of  Structuring  Knowledge  Project  in 
“Nanotechnology  Materials  Program  (NMP)”  planned  by  Japanese  METI  (Ministry  of  Economy 
and  Trade  Industry),  which  will  start  on  fiscal  year  2001.  Other  projects  and  programs  regarding 
nanotechnology  are  under  planning  by  MEXT  (Ministry  of  Education,  Culture,  Sports,  Science  and 
Technology). 

Nanotechnology  requires  teams  of  physicists,  chemists,  biologists,  and  engineers  to  work  in 
concurrent  development,  because  technological  innovation  and  commercialization  demands 
compression  of  the  discovery-invention-development  time  scales,  which  requires  coordinated  work 
in  both  basic  research  and  its  application  development.  The  Japanese  government  is  trying  to 
connect  the  research  stages  with  seamless,  exploratory  research,  focused  basic  research,  and 
technology  platform  research  for  industrial  development.  METI  is  responsible  for  the  last  stage. 
NMP,  a  relatively  big  project,  is  planned  as  collaboration  between  academia,  private  sectors,  and 
national  laboratories.  Industries  are  especially  interested  in  the  establishment  of  a  nanotechnology 
platform  for  materials,  because  they  want  to  improve  existing  processes  which  sometimes  depend  on 
human  skills  especially  for  functional  materials,  and  eventually  create  new  products.  It  is  too  large 
an  investment  for  an  individual  company  to  develop  a  nanotechnology  platform.  The  role  of 
government  is  critical  in  terms  of  budget  and  leadership.  Universities  also  play  the  key  role  in 
making  and  carrying  out  plans  at  improving  infrastructure  and  training  young  people.  The  mission  of 
the  national  labs  is  mainly  to  support  long-term  fundamental  research  such  as  materials  metrology 
and  improve  development.  Industries  carry  out  the  plans  mainly  by  sending  researchers  to  a  center 
organized  by  each  project,  and  navigate  the  direction  of  the  nanotechnology  platform  by  establishing 
targets  to  be  developed. 
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2.  Nanotechnology  Materials  Program 

One  of  the  objectives  of  NMP  is  to  establish  a  nanotechnology  materials  platform  for  industry  that 
results  in  new  generalizations  in  functional  materials  research  and  technology  for  education.  The 
budget  of  NMP  consisting  of  eight  projects  is  about  $35  million  per  year  and  will  last  for  5  years  to 
7  years.  The  aims  of  each  project  are  summarized  in  Table-1.  The  role  of  each  project  in  NMP  is 
shown  in  Figure-1.  The  materials  to  be  focused  on  arc  metals,  ceramics,  glasses,  and  polymers.  The 
particle  project  mainly  focuses  on  single  nano-sized  particles  utilizing  various  kinds  of  materials 
such  as  oxides,  semiconductors,  and  metals.  The  coating  project  is  mainly  responsible  for  interfaces 
among  different  materials.  The  function  materials  program  develops  new  function  through 
exploratory  study.  The  material  metrology  project  tries  to  measure  nano-related  physical 
characteristics. 


Table-1.  The  aims  of  each  project 


Particle  Project 

•High-rate  synthesis  for  single-nanometer  sized  particles 

•Surface  modification  and  thin-film  preparation  for  single-nanometer  sized  particles 
•  Performance  evaluation  of  devices  utilizing  single-nanometer  sized  particles 
•Systematization  of  research  results 

Polymer  Project 

•Controlling  primary  structures 
•Controlling  three-dimensional  structures 
•Controlling  surface  and  interface  structures 
•Material  molding 

•Material  evaluation 

•  Development  of  shared  technology  platform  and  systematization  of  technologies 

Glass  Project 

•Structure  control  on  an  atomic  or  molecular  scale 
•Structure  control  using  super  fine  particles 
•Intelligent  structure  control 
•Three-dimensional  optical  circuit  materials 
■Systematization  of  research  results 

Metal  Project 

•Controlling  the  composition  of  metal  materials  in  the  nano-sized  level 
•Controlling  the  structure  of  metal  materials  in  the  nano-sized  level 
•Designing  metal  materials  by  harnessing  computational  science 
•System  development 

Coating  Project 

•  Nano-coating  processing  utilizing  ceramics  powder 
•Improvement  of  functions  such  as  adhesion 

■  Performance  evaluation 

•Systematization  of  interfaces  between  different  materials 

[Function  Materials  Project 

■Fabrication  and  characterization  for  functional  nanostructurcd  materials 
■Design  for  optical  function  nanostructurcd  materials 
•Design  for  electronic  and  spinie  function  nanostructurcd  materials 
•Desiun  for  molecular-function  nanostructurcd  materials 
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Material  Metrology  Project 


■  Measurement  system  for  determining  physical  properties  of  micro-components 

■  Measuring  nanometer-size  pores  and  holes 
•  Measuring  surface  structures 

•Basic  technology  for  measuring  thermophysical  properties 
Structuring  Knowledge  Project  '  Establishment  of  a  knowledge  platform  database 
•Development  of  modeling 
•Development  of  a  basic  knowledge  platform 


Structuring  Knowledge  Project 


Material  Metrology 
Project 

| 

Glass 

T3 

o 

v; 

3 

n> 

Functional  Materials 

Figure-1.  The  role  of  projects  in  nanotechonology  materials  program 


3.  Structuring  knowledge  project 
3.1  Necessity  of  structuring  knowledge 

In  these  decades,  human  beings  have  encountered  fundamental  difficulty  due  to  the  gap  between 
the  complexity  of  the  problems  encountered  and  the  subdivision  of  our  knowledge  base.  A  person 
finds  it  difficult  to  grasp  the  whole  of  an  issue  because  only  a  small  aspect  of  the  issue  is  native  to 
his  (her)  specific  field.  This  difficulty  is  a  predictable  result  of  the  procedure  by  which  human  beings 
create  and  accumulate  knowledge.  Knowledge  is  created  from  data  by  defining  a  domain  and  finding 
an  order  in  that  domain.  We  obtain  a  lot  of  data,  for  example,  a  smaller  raindrop  falls  slower  than  a 
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larger  one  in  air,  a  spear  flies  further  when  it  is  thrown  spun,  water  is  liquid,  mercury  becomes 
reddish  when  oxidized,  a  beam  of  light  travels  along  a  straight  line,  and  so  on.  Knowledge 
corresponding  to  sortie  of  these  data  includes  the  periodical  rule  for  elements  and  the  Newton’s 
equation  of  motion,  f=m  a .  Knowledge  has  been  written  in  a  book  and  accumulated  in  a  library. 
Naturally,  the  library  is  our  knowledge  infrastructure. 

The  present  state  is  summarized  by  the  fact  that,  firstly,  tremendous  volumes  of  data  are  left  in 
subdivided  fields  without  being  abstracted  to  yield  knowledge,  secondly  that  fields  arc  subdivided 
into  too  many  pieces,  and  finally  that  these  subdivided  fields  are  isolated  with  respect  to  each  other. 

Nanotechnology  covers  a  very  wide  range  of  knowledge  including  materials,  devices,  processes 
and  applications.  We  need  to  use  the  right  combination  of  pieces  of  the  right  knowledge  to  be 
efficient.  The  difficulty  to  do  this  consists  both  of  the  access  to  the  right  knowledge  and  the 
combination  of  the  pieces  of  knowledge. 

In  the  light  of  these  considerations,  a  proposal  to  solve  this  difficulty  is  introduced  in  the  following 
way.  We  firstly  create  knowledge  by  collecting  data  in  the  fields  related  to  nanotechnology,  defining 
sub-domains  and  finding  an  order  in  each  domain,  secondly  make  a  domain  an  object  having  the 
boundary  of  which  is  described  explicitly,  and  finally  implement  the  objects  on  a  network  which  is 
accessible  from  all  over  the  world. 

3.2  Structuring  knowledge  in  nanotechnology 

Figurc-2  shows  the  basic  structure  in  the  knowledge  infrastructure  in  nanotechnology.  It  consists  of 
process  to  synthesize  nanomaterials,  structure  that  is  morphology,  function,  and  application.  Process 
covers  physical,  chemical,  biological,  and  their  combinations.  Morphology  includes  molecular  scale 
to  millimeter-scale.  A  micrometer-sized  flock  of  nanoparticles  shows  different  properties  from  a 
well-ordered  array  of  the  same  nanoparticlcs  (4).  Consequently,  we  need  to  control  the 
micrometer-sized  morphology  of  nanomaterials.  Even  if  we  succeed  in  creating  a  beautifully  ordered 
nanomaterials  at  micrometer-size,  we  have  not  established  any  procedure  to  scale  them  up  to 
millimeter-size.  On  the  other  hand,  if  we  succeed  to  produce  a  materia!  of  millimeter-size,  traditional 
methods  based  on  thermodynamics,  hydrodynamics  and  other  established  academic  disciplines  could 
be  used  to  scale  them  up  even  to  meter-level.  Consequently,  ‘morphology’  covers  the 
molecular-to-millimcter  level  of  structure.  Function  means  properties  of  a  material  and  performance 
of  a  device.  Applications  of  a  material  are  related  to  processes  as  well  as  functions,  because  the 
practicability  of  a  material  is  dependent  not  only  on  the  functions  but  also  on  the  process 
productivity.  This  basic  structure  will  be  detailed  as  shown  in  the  next  section. 
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Figure-2.  Basic  structure  in  the  knowledge  infrastructure  in  nanotechnology 

3.3  Example  of  knowledge  creation  in  the  relation  of  morphology  to  process (5) 

Abnormal  growth  phenomena,  which  frequently  occur  in  materials  processing,  as  far  as  our  belief 
is  concerned,  zoom  up  some  specific  mechanisms  among  many  mechanisms  that  govern  the 
morphology  of  particular  formation.  As  many  as  700  cases  have  been  collected,  some  of  which  are 
shown  in  Figure-3.  These  case  studies  including  the  abnormal  morphologies  and  the  corresponding 
understanding  of  the  growth  process  are  data  which  was  not  abstracted  in  subdivided  academic 
domains  and  could  not  be  used  by  any  others. 

Various  morphologies  including  protrusions,  voids,  fibers,  particles,  surface  roughness,  and  crystal 
quality  were  observed,  but  most  of  them  could  be  categorized  by  six  parameters.  This  means  that  any 
morphology  could  be  assigned  to  a  coordinate  of  a  six-axis  morphology  space.  Furthermore, 
unreported  morphologies  could  be  predicted  by  the  coordinates  which  were  not  occupied  by  any  of 
the  existing  data.  This  situation  is  analogous  in  principle  to  the  relation  between  the  periodical  rule 
and  elements. 

Any  abnormal  structure  located  at  a  coordinate  on  the  morphology  space  should  be  related  to  a 
formation  process.  Logically,  it  should  be  linked  to  a  coordinate  in  the  process  space.  However, 
another  space  of  process  model  was  defined  as  a  link  space  to  avoid  too  many  one-to-one  links 
between  the  two  spaces.  A  process  model  can  be  effective  when  combined  with  parameters,  which 
are  stored  in  a  database.  Some  of  the  parameters  are  particularly  and  specifically  important  in  the 
morphology  formation,  including  the  sticking  probability  of  film-growth  species,  and  others  are 
general  in  varieties  of  academic  fields,  including  the  diffusion  coefficient. 
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The  Information-technology  based  on  knowledge  infrastructure  of  structured  knowledge  will 
provide  us  with  an  alternative  to  the  present  libraries,  which  will  be  characterized  with  easy  access  to 
the  right  knowledge  depending  on  one’s  basic  knowledge  and  wishes,  easy  transfer  from  one 
knowledge  to  another,  and  easy  understanding  assisted  with  various  new  techniques  including 
computer  graphics  and  virtual  realities. 


Figures-3.  Examples  of  abnormal  growth  in  material  processing. 

a)  Dome-shaped  surface  protrusions  formed  in  TiN/AIN  composite  films  deposited  by  thermal  CVD. 

b)  Dome-shaped  surface  protrusions  formed  in  SiC  films  deposited  by  thermal  CVD. 

c)  Whiskers  formed  in  AIN  films  deposited  by  thermal  CVD. 

d)  Noodle  like  structure  formed  in  A1  films  deposited  by  thermal  CVD. 

3.4  basic  concept  of  structuring  knowledge  project 

The  role  of  structuring  knowledge  project  is  summarized  as  below. 

•  To  develop  a  database  and  models  from  the  viewpoint  of  the  process,  structure, 
functional  performance  and  their  relations  without  limiting  the  scope  of  materials 

•  To  develop  a  platform  that  incorporates  the  above,  thereby  structural izing  our  knowledge 
of  material  technology 

•  To  establish  the  methodology  of  inferring  a  material  and  process  from  desired  functions 
by  using  the  platform 

The  last  role  is  very  challenging,  and  most  of  materials  researchers  think  that  it  is  not  possible.  The 

difficulty  lies  in  the  multiple  and  complex  relationships  from  functions  to  processes.  The  key  to 
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overcoming  the  difficulty  is  to  figure  out  structures  to  bridge  the  processes  to  functions  by  defining 
each  space.  It  is  worth-while  to  make  clear  the  steps  as  follows  with  the  help  of  schematically  shown 
Figure-4. 

First,  the  identification  of  the  architecture  of  the  primary  database  by  comprehensively  extracting 
the  information  items  referring  to  material  technology  from  viewpoint  of  the  processes,  structures, 
and  functions  involved.  The  primary  database  is  to  store  the  body  of  high  accurate  knowledge  on 
material  technology  by  selecting,  collecting,  ordering  and  classifying  this  knowledge  from  the 
literature.  Second,  the  coordinates  in  the  respective  spaces  for  process,  structure,  and  function  are 
calculated  using  modeling  engines  developed  from  the  primary  database  or  model  experiments  done 
by  this  project,  and  results  in  the  secondary  database.  The  problem  is  to  set  the  axes  in  each  space. 
For  example,  super-saturation  is  an  axe  for  process  space.  It  is  very  difficult  to  define  the  structure 
space,  that  is  morphology  space,  but  we  have  a  long  experience  in  the  field  that  anomalous  growth 
project  already  described  in  3.3.  Third,  inferential  engines  including  neural  networks  are  to  be 
developed  for  deducing  the  structures  from  the  functions  and  the  processes  from  the  structures.  The 
modeling  and  inferential  engines  determine  the  coordinates  in  each  space  and  connect  the 
coordinates  between  spaces,  respectively.  It  is  necessary  to  develop  the  models  in  common  for  NMP 
such  as  the  nucleation  processes,  the  nucleus  coagulation  processes,  the  spinodal  decomposition 
processes,  the  interface  formation  processes  of  nano  structures  and  the  self-organization  control 
processes. 


Figure-4  Concept  of  structuring  knowledge  pcoject 
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4.  Conclusions 

The  key  issue  of  Nanotecnology  Materials  Program  is  to  establish  the  knowledge  infrastructure 
for  nanomaterials  and  devices.  This  direction  is  also  stated  in  NNI  program  (1).  The  thing  is  how  to 
do  and  how  to  collaborate  with  other  countries  for  the  world  sustainability  in  the  21st  century.  The 
nano-world  comes  true  soon. 

(1)  http://www.nano.gov/ 

(2)  http://itri.loyola.edu/nano/IWGN.Research.Directions/ 

(3)  http://www.nedo.go.jp/english/informations/info_index.html 

(4)  S.  Maenosono,  E.  Ozaki,  K.  Yoshie,  Y.  Yamaguchi,  ‘Non-linear  Photoluminescence  Behavior 
Observed  in  Closed-packed  CdSe  Nanocrystal  Thin  Films’  accepted  by  J.  Japanese.  Applied  Physics 

(5)  Komiyama,  H.;  Egashira,  Y.;  Noda  S.;  Tsuji  Y.;  Shimada,  M.;  Matsukata,  M.;  Ihara,  M.;  in 
preparation  to  be  submitted 


Figure-1.  The  role  of  projects  in  nanotechonology  materials  program 
Figure-2.  Basic  structure  in  the  knowledge  infrastructure  in  nanotechnology 
Figurcs-3.  Examples  of  abnormal  growth  in  material  processing. 

Figure-4.  Concept  of  structuring  knowledge  peoject 


Tablc-1.  The  aims  of  each  project 
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Abstract 

The  evolution  of  composites  applications  in 
aeronautics  from  1970  to  the  present  is 
discussed.  The  barriers  and  challenges  to 
economic  application  and  to  certification  are 
presented  and  recommendations  for 
accelerated  development  are  outlined.  The 
potential  benefits  of  emerging  technologies 
to  aeronautics  and  their  foundation  in 
composite  materials  are  described  and  the 
resulting  benefits  in  vehicle  take  off  gross 
weight  are  quantified.  Finally,  a  21st  century 
vision  for  aeronautics  in  which  human 
mobility  is  increased  by  an  order  of 
magnitude  is  articulated. 

Keywords:  Advanced  composites, 

Aeronautics,  21st  century  vision 

Introduction 

Advanced  composites  have  emerged  as  the 
structural  materials  of  choice  for  many 
aerospace  applications  because  of  their 
superior  specific  strength  and  stiffness 
properties.  First  developed  for  military 
aircraft  applications,  composites  now  play  a 
significant  role  in  a  broad  range  of  current 
generation  military  aerospace  systems. 
Commercial  transport  aviation  has  also 
witnessed  a  significant  increase  in  adoption 


of  composites  during  the  past  ten  years.  And 
there  are  currently  a  large  number  of  general 
aviation  aircraft  with  significant  use  of 
composite  materials  and  structures  that 
anticipate  FAA  flight  certification  in  the  near 
future. 

Yet,  there  continue  to  be  barriers  and 
challenges  to  the  expanded  exploitation  of 
composites  technology  for  primary  transport 
aircraft  structures,  i.e.  wing  and  fuselage. 
These  include  damage  tolerance,  fuel 
containment,  lightening  protection,  repair 
and  nondestructive  inspection,  modeling  and 
failure  prediction  and  cost  effective 
manufacturing.  The  successful  resolution  of 
these  issues  requires  additional  research 
directed  at  the  underlying  science  through 
comprehensive  programs  of  research  and 
development.  Development  of  standard 
engineering  practices  for  exploitation  of 
contemporary  composites  technology  for 
near  term  applications  can  also  be  expected 
to  benefit  new  aerospace  products  under 
current  development. 

The  future  composites  technology  will 
provide  the  platform  for  the  next  revolution 
in  aerospace  vehicle  technology.  With  recent 
advances  in  science  and  engineering  there  are 
new  emerging  technologies  that  will  likely 
accelerate  the  development  of  aerospace 
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vehicle  design  during  the  next  decade 
including:  sensors  and  devices,  intelligent 
materials  and  structures,  active  flow  control, 
reliability-based  design  and  certification, 
robust  manufacturing  technology, 
nanotechnology  and  biomimetics.  Moreover, 
it  is  the  strategic  integration  of  these 
technologies  that  will  provide  for  the  next 
major  gains  in  vehicle  performance.  Yet  the 
integration  of  these  technologies  cannot  be 
achieved  with  contemporary  materials  and 
structures  technologies.  Therefore,  it  is 
essential  that  significant  effort  be  directed  to 
develop  the  next  generation  composites 
technology. 

Current  Status 

The  applications  of  composite  materials  in 
aerospace  products  are  pervasive  today, 
having  found  their  first  applications  in 
military  aircraft  in  the  early  1970’s.  The 
evolution  of  this  important  technology  has 
been  multifaceted  with  the  initial  phase  led 
by  the  defense  industry,  significant  advances 
in  the  commercial  aircraft  and  rotorcraft 
industries  and  its  most  aggressive 
exploitation  in  the  general  aviation  industry. 
Advanced  composites  can  trace  its  origin  to 
the  invention  of  the  boron  filament  in  the 
United  States  and  the  carbon  fiber  in 
Japan/United  Kingdom  in  the  1960’s.  The 
first  production  aerospace  application  was 
the  horizontal  stabilizer  of  the  U.S.  Navy  F- 
14  in  1970,  followed  shortly  thereafter  by 
applications  in  the  U.S.  Air  Force  F-15  and 
F-16.  During  the  decade  of  the  1980’s 
commercial  applications  were  initiated 
through  the  NASA  ACEE  Program.  The 
Boeing  737  horizontal  stabilizer  was  certified 
in  1982  and  applications  with  composites 
approaching  10  wt.%  were  achieved  with  the 
Airbus  300  and  310,  Boeing  737,  757  and 
767,  McDonnell-Douglas  MD-82,  83  and  87 
during  the  1980’s.  The  Airbus  320  was  first 
commercial  aircraft  to  exceed  the  10% 
utilization.  By  2000,  applications 
approaching  30%  weight  savings  had  been 


achieved  by  the  U.S.  Air  Force  B2  and  F-22 
and  the  U.S.  Navy  V-22.  The  industry  is  now 
poised  to  develop  commercial  and  military 
airframes  with  extensive  composite  wing, 
empennage  and  fuselage  applications.  The 
Boeing  “Sonic  Cruiser”  and  the  650-seat 
A380  Airbus  will  likely  be  the  next  examples 
of  the  use  of  composites  in  future 
commercial  aircraft.  Two  new  business  jets 
with  composite  sandwich  designs  in 
pressurized  fuselage  have  been  recently 
undergone  consideration  for  certification  by 
the  FAA.  The  Raytheon  Premier  I  has  been 
flight  certified  and  the  A  AS  I  Jetcruzer  500  is 
well  into  the  process.  Propeller-driven 
aircraft  have  also  incorporated  composite 
materials  in  their  airframes.  The  PAC  USA 
Lancair  LC40-550FG  and  the  Cirrus  Design 
Corp.  SR  20  were  type  certified  in  1998  [1], 
New  rotorcraft  vehicles  include  composites 
applications  in  airframe,  rotor  blades  and 
rotor  drive  systems  (main  and  tail).  The 
Sikorsky  S92  rotorcraft  and  the  Bell  Textron 
BA609  Tiltrotor  are  two  such  examples. 

Barriers  and  Challenges:  Economics  and 
Certification 

Barriers  to  expanded  application  to 
composite  materials  in  aircraft  are  shared  by 
the  defense,  commercial  and  general  aviation 
industries.  Manufacturing  and  non-recurring 
development  costs  continue  to  limit  the  rate 
of  growth  of  the  field.  Current  engineering 
practice  is  a  test-based,  building-block 
approach  that  is  test  intensive.  Empirical 
design  and  process  standardization  and 
maintenance  technology  are  also  issues  of 
concern.  The  lack  of  standardization  of 
material  forms  and  high  fidelity,  hierarchical 
design  methodologies  can  result  in  overly 
conservative  designs  that,  white  providing 
performance  gains  and  ensuring  safety  and 
durability,  too  often  suffer  in  economy 
compared  to  conventional  metals  technology. 
Validated  progressive  failure  analyses  are 
also  required  to  predict,  without  tests,  the 
lifetime  performance  of  composite  structures. 
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Finally,  the  limited  human  resources  with 
composites  training  and  experience  constrain 
broader  applications  [1]. 

It  is  also  important  to  point  out  recent 
advances  that  are  paving  the  way  to  meeting 
the  challenges  articulated  above.  NASA 
Langley  recently  successfully  tested  a  full- 
scale  composite  wing  structure  (see  Fig.  1) 
designed  to  meet  the  requirements  of  a  220- 
passenger  commercial  transport  aircraft  [2]. 
The  wing  box  was  41  feet  in  length  and 
incorporated  advanced  graphite  fiber  textile 
performs  and  Kevlar  stitching  for  stringer- 
skin  connections  with  resin-film-infusion  to 
achieve  resin  impregnation.  These 
manufacturing  innovations  by  the  Boeing 
Company  were  focused  upon  significant 
manufacturing  cost  reductions  while  meeting 
performance  goals.  The  wing  structure 
sustained  97%  of  design  ultimate  load  prior 
to  failure  through  a  lower  access  opening  and 
was,  therefore,  judged  to  have  successfully 
met  test  requirements  while  providing  further 
insight  into  refinements  necessary  for 
adoption  of  this  new  technology. 

It  should  also  be  noted  that  the  successful 
design  and  test  of  the  NASA/Boeing  wing 
structure  required  an  extensive  set  of 
material,  fabrication  and  sub-element  tests  to 
clarify  manufacturability  and  the  preliminary 
design.  Thus,  at  the  end  of  the  20th  century 
composites  technology  is  found  to  be  largely 
based  in  empirical  methods  with  the 
accompanying  limits  on  economy  (See 
Figure  2).  These  shortcomings  in  composites 
technology  will  only  be  overcome  with  the 
further  developments  in  the  areas  described 
and  through  new  emerging  technologies. 

Emerging  Technologies 

There  are  a  number  of  emerging  technologies 
that  will  expand  the  design  space  in  the  21st 
century  air  vehicle  and  provide 
enhancements  in  performance,  safety  and 
economy.  Smart  materials  and  systems 


technology  to  control  structural  and 
aeroelastic  response  offer  the  opportunity  to 
achieve  structural  and  aeroelastic 
performance  and  efficiencies  not  possible 
with  conventional  materials  and  structures 
technology.  Enhanced  flutter,  gust,  buffet 
and  maneuver  load  behavior  can  be  achieved. 
Piezoelectric  actuators  have  been 

successfully  employed  for  active  flutter 
suppression,  active  gust  load  alleviation  and 
noise  suppression  [3].  Shape  memory  alloys 
have  also  been  employed  to  address  sonic 
fatigue  and  noise  suppression  issues.  Smart 
structures  have  been  developed  to  improve 
aerodynamic  performance  in  such 

applications  as  the  contoured,  hingless  flap 
and  aileron  with  built-in  shape  memory  alloy 
tendons.  Efficiency  gains  of  8-12%  have 
been  achieved  for  lift,  pitching  and  rolling 
moments  over  a  broad  range  in  wind  tunnel 
tests  [4],  The  engine  inlet  has  also  been  the 
subject  of  smart  structures  development  in 
order  to  provide  for  its  deformation  to 
achieve  optimum  configurations  for  multiple 
flight  conditions. 

Synthetic  jet  actuators  for  control  of  flow 
separation  have  recently  been  employed  to 
increase  airfoil  efficiency.  The  actuator  has 
the  capacity  to  provide  both  positive  and 
negative  pressure  in  the  flow  stream  at  a 
small  diameter  orifice  and  is  thereby  termed 
a  “zero-mass  flow”  device  [5],  Jets 
constructed  of  two  piezoelectric/metal  wafer 
laminates  that  are  actuated  by  controlling 
sinusoidal  frequency  and  phase  to  achieve 
the  desired  pressure  characteristics.  Jet 
velocities  of  60-100  m/second  have  been 
achieved  in  the  laboratory  and  “active 
separation  control  at  Reynold’s  number  up  to 
40X106  has  been  demonstrated  to  delay  flow 
separation  under  flight  conditions  [6], 

Multidisciplinaiy  design  optimization  and 
flight  control  disciplines  have  been  integrated 
to  utilize  localized  flow  control  and 
distributed  shape-change  devices  to  achieve 
active  flight  control  for  tail-less  aircraft.  The 
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integration  of  vehicle  configuration, 
prediction  of  control  moments  with 
computational  fluid  dynamics,  location  of 
shape-change  devices,  and  algorithm  for 
optimum  location  of  devices  and  simulation 
of  the  flight  controls,  was  necessary.  In 
addition,  fluidic  thrust  vectoring, 
accomplished  by  deflection  of  the  jet  with  a 
secondary  air  stream,  has  been  examined  for 
additional  flight  control  [7]. 

Reliability-based  design  and  certification 
require  that  new  and  robust  methodologies  be 
developed  for  high  fidelity  analysis  of 
composite  materials  and  structures  [8],  This 
approach  will  replace  the  empirically  based, 
factor-of-safety  design  with  a  design 
paradigm  that  features  science-based 
methodology  for  critical  design  features.  It 
relates  weight,  reliability  and  economics  as 
multiple  design  merit  functions.  Process 
specific  imperfections  and  defects  and  their 
impacts  on  response  are  considered  directly. 
Progressive  failure  analyses  are  carried  out 
with  powerful  design  tools  made  possible  by 
the  integration  of  advanced  modeling 
methods  and  scientific  understanding. 
Finally,  tailored  composite  applications 
based  upon  biologically  inspired  concepts  to 
achieve  optimum  performance  are  being 
pursued. 

Robust  manufacturing  technology  to  insure 
high  performance  aerostructures  with 
increased  cost-effectiveness  has  focused  on 
the  development  of  non-prepreg/autoclave 
systems.  The  integration  of  engineered 
textile  preforms,  stitching  and  vacuum- 
assisted  resin  transfer  molding  technology 
has  been  shown  to  provide  significant 
advantages  for  future  aircraft  programs. 
Methods  for  prediction  of  manufactured 
quality,  reproducibility  and  imperfections 
will  be  essential. 

The  field  of  biological  sciences  continues  to 
provide  new  insights  into  the  ways  organisms 
have  successfully  adapted  to  their 


environment  over  millennia.  The  integration 
of  materials,  structures  and  aerodynamics 
simulations  with  the  field  of  biomimetics 
provides  the  framework  to  develop  a  link 
between  what  nature  has  learned  over  time 
and  the  need  for  current  aerospace  solutions. 
These  efforts  require  the  development  of 
design  teams  who  have  representation  from 
the  disciplines  of  biomimetics,  materials 
science,  aerostructures,  computational  fluid 
dynamics  and  computer  science. 

Nanotechnology  can  also  be  expected  to 
provide  the  next  generation  of  revolutionary 
materials  technology  for  future  aero  vehicles. 
Discovered  by  Iijima  [9]  the  single-walled 
carbon  nanotube  possesses  extraordinary 
mechanical,  electrical  and  thermal  properties. 
Early  evidence  suggests  that  carbon 
nanotube/polymer  composites  will  play  a 
significant  role  in  the  future  aero  vehicle 
systems. 

Technology  Integration  Benefits 

The  future  of  aeronautics  will  significantly 
benefit  from  the  integration  of  the  numerous 
advances  discussed  above  and  their 
exploitation  will  be  based  in  advanced 
composites  as  the  enabling  technology  [10], 
For  military  aircraft,  smart,  flexible 
structures,  synthetic  jets,  forebody  vortex 
control,  advanced  control  laws,  passive 
porosity,  continuous  moldline  technology 
and  fluidic  thrust  vectoring  will  provide  for 
increases  in  range,  improvements  in  agility 
and  survivability.  For  commercial  transport 
vehicles,  these  technologies  will  provide 
active  shape  control,  health  monitoring, 
buffet  load  alleviation,  active  transition 
control,  thrust  vectoring,  inlet  and  nozzle 
shaping,  exterior  noise  suppression,  vibration 
suppression,  active  separation  control,  gust 
load  alleviation  and  flutter  suppression. 

Consider  the  contributions  of  these 
technologies  for  a  conventional  long 
haul/high  capacity  conventional  subsonic 
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transport  aircraft.  Laminar  flow  control, 
design  optimization  and  excrescence  drag 
reduction  will  yield  a  reduction  of  4.6%  in 
the  take  off  gross  weight  (TOGW)  of  the 
vehicle  [11].  Composite  wing  and  tails, 
composite  fuselage,  light  weight  landing 
gear,  advanced  metals  and  aeroelastic 
tailoring  will  reduce  TOGW  by  24.3%. 
Advances  in  aero-mechanical  propulsion 
design,  hot  section,  materials  and  secondaiy 
systems  can  achieve  a  savings  of  13.1%. 
Finally,  in  the  systems  area,  relaxed  static 
stability,  fly-by-light/power-by-wire,  high 
performance  navigation  and  intelligent  flight 
systems  will  yield  a  9%  savings  in  TOGW. 
Taken  together  these  advances  would  yield 
an  aircraft  with  an  overall  weight  reduction 
of  51%.  Of  the  total  weight  reduction, 
structures  technology  and  composites  would 
account  for  48%  of  the  total. 

The  blended  wing  body  concept  to  produce  a 
long  haul/high  capacity  subsonic  transport 
aircraft  with  a  capacity  of  800  passengers,  a 
range  of  8500  nautical  miles  and  a  landing 
requirement  of  10,000  feet  could  achieve  a 
45.7%  weight  savings  (TOGW)  through  the 
incorporation  of  advanced  technology. 
Laminar  flow  control,  design  optimization, 
and  excrescence  drag  reduction  would  yield 
11.8%  savings.  Composite  wing  and 
fuselage,  light  weight  landing  gear  and 
aeroelastic  tailoring  would  reduce  weight  by 
19.1%.  In  the  propulsion  arena  advances  in 
aero-mechanical  design,  hot  section, 
materials,  secondary  systems,  boundary  layer 
ingestion  would  yield  12.2%  and  in  the 
systems  area,  fly-by-light/power-by-wire, 
high  performance  navigation  and  intelligent 
flight  systems  would  reduce  weight  by  2.6%. 
Clearly,  the  technology  with  the  greatest 
impact  on  weight  remains  structures 
technology  and  composites  for  the  blended 
wing  body  concept  vehicle  as  well  as  the 
conventional  concept  discussed  above. 


21st  Century  Vision  for  Aeronautics 
Technology 

Technology  in  the  Digital  Age  will 
revolutionize  high-speed  mobility  of 
humankind  in  a  manner  that  will  produce  a 
sea  change  in  human  prosperity.  This  change 
will  be  not  unlike  the  completion  of  the 
intercontinental  railroad  in  the  late  1800’s  or 
the  introduction  of  the  interstate  highway 
system  in  the  in  the  1950’s  in  the  United 
States.  Today’s  air  mobility  of  citizens  is 
limited  by  analog  air  traffic  control  systems, 
the  number  of  trained  pilots,  the  number  of 
full-scale  airports  and  the  number  and 
character  of  aircraft.  Future  Digital  Airspace 
technology  will  provide  the  vehicle  with 
“perfect  knowledge”  of  terrain,  geography, 
weather,  vehicle  condition,  control  and 
navigation  through  the  central  digital  brain 
with  extraordinary  computational  power. 
Embedded  sensors  and  devices  will  yield 
smart  materials  and  structures  sufficient  to 
achieve  performance  that  allows  vehicles  to 
significantly  increase  performance  and  land 
safely  on  airfields  that  are  insufficient  in 
length  for  conventional  aircraft.  This 
revolution  in  technology  will  increase  human 
mobility  by  an  order  of  magnitude  (See 
Figure  3.  However,  it  is  clear  that  the 
integration  of  the  necessary  technologies  will 
lead  to  increased  complexity  of  the  air 
transportation  system  as  well  as  air  vehicles. 
Indeed,  as  the  enhanced  capability  of  the 
“digital  machine”  is  increased,  there  will  be  a 
significant  increase  in  system  complexity 
such  that  the  technology  insertion  will  appear 
disruptive.  During  the  next  phase,  however, 
increases  in  capability  will  result  in  only  a 
corresponding  linear  increase  in  system 
complexity.  It  is  during  this  period  of 
technology  innovation  that  the  primary 
benefits  described  above  will  be  realized. 

The  primary  question  to  be  answered  is,  “will 
the  benefits  in  mobility,  performance,  safety, 
noise  reduction,  fuel  economy  be  worth  the 
price  required  to  master  complexity  of  the 
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multifunctional  vehicle  and  the  “open  space” 
air  traffic  control  systems?”  One  need  only 
examine  the  benefits  of  the  digital  processor 
in  today’s  society,  as  described  in  Moore’s 
Law  to  answer,  yes!  Computational  power 
has  doubled  every  eighteen  months  during 
the  last  several  decades  and  it  was  the 
mastery  of  the  complexity  of  modem 
microelectronics  that  is  responsible  for  the 
extraordinary  economic  growth  in  much  of 
the  world  today.  Enhanced  high-speed  air 
mobility  can  be  expected  to  produce  no  less 
result 
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Abstract: 

Top  Level  Aircraft  Requirements  for  the 
down-selection  process  of  advanced 
technologies  for  A380  are  outlined.  The 
application  of  composite  panels  for  the  un¬ 
pressurized  fuselage  is  taken  as  an  example 
for  “best  fit”  of  materials  and  manufacturing 
technologies  with  technology  requirements. 

Key  words:  Airbus  A3 80,  aircraft 
structures,  material  selection,  manufacturing 
technology  selection. 

Introduction 

The  A380-family  comprises  passenger 
versions  with  550  to  650  passengers  in 
mixed-class  configuration  and  a  freighter 
version  for  up  to  150  metric  tonnes  of 
payload,  [1].  In  co-operation  with  the 
world’s  major  airports,  the  aircraft 
configuration  was  driven  by  the  target  to 
keep  modifications  of  airport  infrastructure 
at  minimum.  As  a  result,  wing  span  and 
over-all  aircraft  length  had  to  stay  within  a 
so-called  80-by-80m  box,  Fig.  1.  These 
geometrical  constraints,  in  combination  with 
die  selection  of  a  technically  feasible 
fuselage  cross  section,  have  delivered  an 
oval  cross  section  with  a  double-deck  cabin 
configuration,  running  the  full  length  of  the 
aircraft.  The  lower  deck  cargo  hold  offers 
full  standing  height  and  can  accommodate  a 
variety  of  passenger  facilities.  Maximum 


Fig.  1:  A380  Outer  Dimensions 

outer  dimensions  of  the  fuselage  are  about 
7.2m  width  and  8.6m  height.  This  cross 
section,  combined  with  appropriate  floor 
beam  levels,  protects  the  later  conversion  of 
a  passenger  aircraft  into  a  freighter. 
Outstanding  dimensions  of  A3 80  require 
new  approaches,  e.g.  through  panel 
arrangements  with  fewer  joints  and  selection 
of  adequate  manufacturing  technologies. 
The  crucial  role  that  size  and  complexity  of 
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geometry  plays,  will  be  seen  from  the  study 
results  to  be  presented. 

Targets  and  Requirements 

Aircraft  performance,  costs  for  aircraft 
operations  and  aircraft  price  are  essential 
parts  of  the  contracts  with  the  customers.  As 
far  as  the  airframe  is  concerned,  the  A3 80 
Progamme  Management  has  established 
targets  for  weight  and  manufacturing  cost 
per  aircraft  section.  Also,  each  of  the 
individual  maintenance  cost  chapters  is 
subject  to  target  costs.  Top  Level  Aircraft 
Requirements  (TLAR)  summarize  all 
information,  which  describe/characterize  the 
product,  e.g.  maximum  take-off  and  landing 
weights,  altitude,  climb  and  descent  rates. 
Also,  design  service  goals  -  including 
inspection  intervals  -  are  described  in  this 
key-document.  Being  essential  part  of  the 
TLAR,  Materials  and  Technology 
Requirements,  [2],  combine  the  selection 
and  preparation  of  high-performance 
materials  with  advanced  manufacturing 
processes  and  focus  on  service  readiness  and 
maintainability.  Full-scale  demonstrator 
programmes  support  the  down-selection 
process  and  help  to  assure  that  design 
principles  are  validated  and  maturity  of 
manufacturing  processes  is  assured. 

The  above  targets  and  requirements  can  be 
listed  in  a  check  list,  which  will  be  used  for 
the  assessment  of  CFRP -panels  for  the  un¬ 
pressurized  fuselage: 

Check  List: 

Service  Readiness 

-  Maturity  of  Manufacturing  Processes 

-  Target  Weights 

-  Target  Costs 

Penel  size  and  number  of  joints  for  fuselage 
shells  is  another  parameter  for  weight  and 
manufacturing  costs,  important  for  all  kind 
of  materials:  metal,  GLARE  and  composites. 
The  outstanding  size  of  the  A380  fuselage, 
see  Fig.  2,  needs  a  new  approach  compared 
with  smaller  aircraft:  Material  supply  and 
manufacturing  processes  must  allow  for  the 


introduction  of  much  longer  and  wider 
panels  at  twice  the  average  thickness 
compared  with  smaller  aircraft. 


Fig.  2:  Size  Comparison 

Consequently,  the  assessment  has  to  review 
different  technologies  in  view  of  their 
contribution  to  this  new  approach.  Finally, 
application  of  new  materials  should  also 
deliver  so-called  “build-in  potentials”  for 
future  growth  in  application  and/or  increased 
utilization.  All  die  above  targets  and 
requirements  will  be  applied  to  the  selected 
study  on  CFRP  fuselage  panels  aft  of  the 
rear  pressure  bulkhead,  see  Fig.  3. 


Fig.  3:  Aft  Pressure  Bulkhead 
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Structural  Design  for  Aft  Fuselage  operations  for  strongly  double-curved  sheet 


The  choice  of  either  aluminium  alloys  or 
composite  material  for  panels  of  the  un¬ 
pressurized  aft-fuselage  is  in-line  with  the 
structural  design  drivers,  Fig.  4. 

Rear  Pressure  Bulkhead:  Tailcone: 
membrane-state  of  stress  moderate  shear  stress 
under  internal  pressure,  due  to  transverse  shear 
stiffness  design  for  and  torsion, 

buckling  stability  high  local  stresses 

under  external  pressure  at  engine  pick-up  points 


due  to  bending  moment  empennage  attachments 

Fig.  4:  Drivers  for  Material  Selection 


High  load  introductions  from  the  empennage 
will  require  heavy  milled  metal  frames  at 
attachment  fittings,  as  on  all  other  Airbus 


metal  skins  limit  panel  sizes  and 
consequently  increase  the  number  of  panel 
joints  compared  with  a  composite  design 
solution.  A  complex  aft-fuselage  shape  has 
also  a  strong  impact  on  manufacturing 
process  selection  for  composite  panels. 

Material  Costs 

In  global  terms,  material  costs  cover  the 
price  for  material  to  be  purchased  as  well  as 
material  overhead  cost.  The  analysis  shall 
identify  those  material  costs,  which  are 
associated  with  the  manufacture  of  1kg  of 
flying  structure,  Fig.  5. 

The  reason  for  waste  of  material  is  manifold: 
It  is  obvious  that,  for  example,  cutting  of 
pre-forms  will  result  in  unusable  pieces  of 
pre-impregnated  woven  fabrics.  Also,  final 
trim  of  edges  of  the  cured  lay-up  contributes 
to  waste  of  material. 

Other  reasons  for  waste  are  less  obvious  and 
difficult  to  quantify,  because  they  are  linked 
to  the  specific  way  of  handling  of  raw 
material  in  an  individual  factory.  Handling 
can  cause  damages  during  storage  operations 
and  scrap  due  to  excess  time  in  the 
refrigerator.  Also,  raw  material  of 


aircraft.  Typical  frames 
can  be  manufactured  using 
RTM  technology.  “Design 
for  maintainability”  has  to 
take  into  account  repairs 
after  tail-strike  events: 
The  panel  arrangement 
and  additional  frame  joints 
must  ease  exchange  of 
lower  fuselage  structure 
using  spare  part  kits, 
independent  of  selection 
of  material  and 
manufacturing  processes. 
Another  parameter  for  the 
selection  process  is  the 


Fig.  5:  Material  Cost  Comparison 


complex  aerodynamic  shape  of  the  aft-  unacceptable  quality  might  be  sorted  out 
fuselage,  affecting  the  number  of  panels  and  during  the  manufacturing  process  and  has  to 
joints.  Requirements  from  stretch-form  be  paid  by  the  manufacturer,  if  these  flaws 
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are  not  reported  and  official  Vo,ur™® 

refusal  is  not  forwarded  to  the  15kg/h 

supplier.  In  order  to  get  a  fair 
comparison  of  material  costs  for 
different  manufacturing 

processes,  assumptions  have  to  10k9/h 

be  made  for  the  percentage  of  8kgfl1 

waste,  which  reflect  the  material 
application  for  very  large 
fUselage  panels  in  combination  4kg/h 

with  state-of-the-art  handling  of 
high-value  raw  material.  For  1k^h 

other  applications,  fly-to-buy  °'5k9/h 

ratios  might  be  much  higher.  Complexity  of  Mould  Geometry  and  Lay-up 

Allocated  Material  Over-head  Fig.  6:  Process  Performance 

Costs  in  Fig.  5  range  at  5%  and 

shall  cover  all  costs  linked  to  purchase  hand  lay-up,  revealing  that  the  complexity  is 

activities,  acceptance  control  on  delivery  close  to  the  constraint  for  this  process, 

and  storage.  It  is  recognized  that  dry  fabrics  Therefore,  complexity  of  such  panels  was 

require  more  costly  material  handling,  but  judged  to  range  at  “high”.  AFP  is  by  nature 

this  shall  be  outbalanced  through  savings  in  less  constrained  by  the  size  of  the  male  tool 

storage,  because  a  refrigerator  is  not  needed,  for  manufacture  of  skins.  On  the  other  hand, 

as  for  pre-impregnated  fibers.  the  “wet”  skin  will  be  transferred  into  a 

female  tool  for  placement  of  stringers  prior 
Manufacturing  Process  Performance  to  the  curing  cycle,  and  stringer  positioning 

requires  equivalent  accessibility  as  discussed 
The  search  for  the  most  appropriate  for  hand  lay-up.  As  the  “real”  performance 

composite  manufacturing  process  shall  be  in  terms  of  lay-up  volume  is  not  known,  a 

supported  by  the  introduction  of  a  scale  that  “best  engineering  judgement”  has  to 

measures  the  “complexity  of  mould  describe  a  scatter  band,  which  reflects 

geometry  and  lay-up”.  Fig.  6  displays  a  experience  with  components  in  existing 

linear  decrease  of  lay-up  volume  rate  (kg  per  production  lines, 

hour)  versus  an  increasing  degree  of 

complexity,  such  as  double-curvature  and  Manufacturing  Process  Costs 

size  of  die  mould  as  well  as  required 

optimization  of  fiber  orientation.  Simulation  Using  the  above  performances  and 

of  lay-up  for  different  processes  revealed  introducing  costs  for  labour  and  machine, 

that  automated  tape  laying  (ATL)  is  ruled  scatter-bands  for  “process  cost”  versus 

out  by  the  degree  of  double  curvature.  Thus,  “complexity”  can  be  established,  Fig.  7. 

complexity  of  the  panels  is  beyond  the  500$  per  hour  are  supposed  to  cover  the 

constraint  given  for  ATL  in  Fig.6.  The  panel  costs  related  to  the  AFP-machine  at  average 

arrangement  for  the  composite  solution  aims  utilization,  including  supervision.  Labour 

at  savings  through  reduction  of  number  of  cost  is  introduced  at  80$  per  hour,  including 

joints.  A  split  into  four  huge  panels  was  all  costs  for  workforces  and  the  use  of  shop 

confirmed  to  be  feasible  for  both  hand  lay-  floor  facilities,  as  far  as  it  is  needed  to 

up  and  automated  fiber  placement  (AFP).  deliver  the  lay-up.  All  costs  under 

Access  to  the  female  mould  for  the  worker  is  investigation  are  re-curring  costs  and  shall 

the  type  of  complexity  to  be  checked  for  cover  all  efforts  linked  to  the  delivery  of  un- 
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cured  skins  for  fuselage  panels,  prepared  for  film  has  to  be  arranged  in-between  the  fiber 

positioning  stringers  on  the  delivered  lay-up  layers.  Such  additional  effort  is  taken  into 

in  a  further  process.  Materials  and  account  by  using  the  upper  bound  for 


0.5kg/h  for  Hand  Lay-up- 


2.5kg/h  tor  AFP 


0.64kg/h  for  Hand  Lay-up  - 
0.84kg/h  for  Hand  Lay-up 


process  cost  for  hand  lay-up  in 
Fig.  7. 

Costs  for  Materials  and 
Processes 


4kg/h  for  AFP  t 

5kg/h  for  AFP 


- — -  l.oKg/n 

'  aft-fuselage 

Low  Medium  High  Very  High 

Complexity  of  Mould  Geometry  and  Lay-up 

Fig.  7:  Process  Cost  Comparison 


manufacturing  costs  are  defined  as  re¬ 
curring  cost  per  kg  flying  structure. 

Fig.  7  allows  for  determination  of 
manufacturing  process  cost  within  a  scatter- 
band,  once  the  degree  of  complexity  is  fixed. 
Triangular  symbols  indicate  average  values 
for  hand  lay-up  and  AFP,  which  are  chosen 
for  the  comparison  of  costs,  Tab.l,  except 
for  the  Resin  Film  Infusion  (RFI)  process, 
using  dry  fibers,  because  hand  lay-up  of  dry 
fabrics  (e.g.  non-crimped  fabrics)  takes  more 
time  compared  to  hand  lay-up  of  pre¬ 
impregnated  fabrics. 


^--^Processes  H.  Lay-up,  H.  Lay-up, 

Volumes'''--^  imp.  Fibers  dry  Fibers 

Performance  1  kg/h  4  kg/h  0.64  kg/h 

Labour  per  hour  80  $/h  80  $/kg 

Labour  per  kg  80$/kg  120$/kg 

Machine  per  hour  500  $/kg 

Machine  per  kg  125  $/kg 

Tab.  1:  Comparison  of  Process  Cost 

This  is  due  to  the  difficulties  to  place  dry 
fibers  with  the  right  accuracy.  Also,  resin 


m  Costs  for  materials,  Fig.  5, 
|H  and  for  processes.  Tab.  1,  are 

r  summarized  in  Tab.  2. 

Total  costs  are  valid  for  the 
delivery  of  un-cured  skins,  as 
ig/h  defined  previously. 

Hand  lay-up  of  prepregs  and  AFP 
ery  High  end  UP  at  eciual  cost>  whereas  the 

- ►  lay-up  for  the  RFI  process 

nd  Lay-up  apparently  allows  for  savings  in 

the  order  of  25%,  despite  the  fact 
that  labour  costs  are  50%  higher 
compared  with  hand  lay-up  of  prepregs. 
Summary:  Except  for  foe  resin  infusion 
approach,  material  costs  determine  half  of 
foe  cost,  which  are  linked  to  foe  delivery  of 
laid-up  skins.  And,  for  hand  lay-up  of  woven 
fabrics,  half  of  these  material  costs  are  due 
to  waste.  In  order  to  keep  manual  processes 
competitive,  further  efforts  have  to  prioritize 
waste  reductions  and  to  lower  material 


H.  Lay-up, 


imp.  Fibers 


p  H.  Lay-up, 
dry  Fibers 


Material  |  157  $/kg  |  120  $/kg  60  $/kg 


120  $/kg 


125  $/kg 


237  $/kg  245  $/kg  I  180  $/kg 


Tab.  2:  Material  and  Process  Costs 

The  above  comparison  allows  for  judgement 
of  alternative  materials  and  appropriate 
manufacturing  processes  for  application  of 
composites.  The  technology  down-selection 
process  requires  to  complete  evaluation  on 
aircraft  section  level. 
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Assessment  on  Aircraft  Section  Level 

The  conventional  all-metal  design  with 
A12524  panel  skins,  A17075  stringers  and 
heavy  milled  frames  out  of  A17050,  serves 
as  a  reference  configuration.  Introduction  of 
composite  materials  replaces  aluminium 
panels  and  sheet  metal  frames  in  a  first  step. 
Thus,  both  alternative  design  solutions  share 
about  36%  common  metal  parts  in  terms  of 
weight,  Fig  8. 

Weights 


Fig.  8  displays  cost  levels  relative  to  each 
other  in  a  fair  way,  rather  than  claiming 
absolute  cost  levels.  Costs  for  metal  panels 
are  increased  due  to  a  high  buy-to-fly  ratio 
resulting  from  clamp  length  cut-off  after 
stretch  forming.  Thus,  huge  material  waste 
combines  with  the  high  price  level  of 

advanced  aluminium  alloys.  Complexity  of 

geometry  leads  to  labour-intensive 

forming/heat-treatment  operations  and 
assembly  of  16  metal  panels.  This 

background  delivers 
the  competitive  edge 
for  CFRP  using  either 
hand  lay-up  or  AFP. 
Tab.  3  recalls  the 
checklist  with 

targets/requirements. 
Further  to  this,  build- 
in  potential  is 
identified  as  a  later 
replacement  of  heavy 
milled  frames  by 
RTM-parts,  when 
maturity  is  proven  for 
the  size  of  such  parts. 


80%  + 


metal  version 
100% 


CFRP  version 

85%  — 


Weight  portion  of 
CFRP  components 
which  substitute 
metal  parts 


36%  — 
“common” 
metal  parts 


CFRP  Version  Metal  Version 

—  100% 

—  83% 


Assembly  —  89% 

Costs 


“Substituted” 

Parts 

Costs 

300 S/kg  « 

"Common" 
Metal  Parts 
at  220$/kg 


jHHl 


—  79% 


250$/kg 


Fie.  8:  Weieht  and  Cost  Comparison  on  Aircraft  Section  Level 


Composite  material  application  saves  15% 
of  the  total  weight.  Weight  saving  includes 
the  benefit  from  reducing  the  number  of 
panels:  from  16  aluminium  panels  down  to  4 
CFRP  panels.  This  has  a  huge  impact  on 
assembly  cost  as  well,  Fig.  8.  For  the 
purpose  of  a  rough  cost  comparison,  simple 
figures  have 
been  chosen, 
such  as  300$/kg 
for  CFRP  parts 
substituting 
metal  parts, 

220$/kg  for 
common  metal 
parts  and 

250$/kg  for  the 
metal  parts 
which  compete 
with  CFRP. 

Consequently, 
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''''^Processes 

Criteria 

All-Metal 

Automated 

Fiber 

Placement 

Hand 

Lay-up, 

Prepregs 

Hand 
Lay-up, 
dry  Fibers 

Automated 

Tape 

Laying 

Feasibility 

yes 

yes 

yes 

yes 

no 

Service  Readiness 

yes 

yes 

yes 

yes 

Maturity  of  Manuf.  Proc. 

yes 

yes 

yes 

no 

Support  to  Target  Weight 

no 

+  +  + 

+  + 

Support  to  Target  Cost 

no 

+  +  + 

+  +  + 

Support  to  Size  Approach 

no 

+  +  + 

+  +  + 

Tab.  3:  Fulfillment  of  Requirements 
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Abstract 

Recently,  techniques  using  CFRP  are 
employed  for  retrofitting  of  historic 
structures  because  these  techniques  can 
strengthen  such  structures  while  keeping 
their  historic  values.  This  paper  describes 
some  Japanese  applications  of  the  CFRP 
techniques,  i.e.,  CFRP  jacketing,  CFRP 
gluing,  and  prestressing  with  CFRP  tendons. 
They  are  applied  for  old  concrete  columns, 
wooden  building,  and  brick  lighthouse, 
respectively. 

Key  Words:  CFRP,  Prestress,  Seismic 
Retrofitting,  Historic  Structures. 

Introduction 

Many  Japanese  historic  buildings 
need  structural  retrofitting  because  of  their 
seismic  vulnerability,  and  so  on.  However,  it 
is  very  difficult  to  simultaneously  keep  the 
historic  values  and  gain  enough  structural 
improvement.  Therefore,  recent  techniques 
using  CFRP  (Carbon  Fiber  Reinforced 
Plastic)  are  widely  spread  to  satisfy  such 
conditions.  Since  the  CFRP  techniques 
enable  change  of  dimensions  of  structural 
elements  negligibly  small,  inside  and  outside 
appearances  of  the  retrofitted  building  may 
not  be  changed.  This  paper  describes  some 
applications  employing  the  CFRP  techniques 


for  various  buildings. 

Column  Jacketing  at  Osaka  Castle 

The  current  Osaka  Castle  (Photo  1)  is 
used  for  a  museum.  The  appearance  of  the 
building  is  a  Japanese  medieval  castle, 
however  the  structure,  constructed  with 
modem  technology,  is  SRC  (steel  and 
reinforced  concrete).  The  building  age  was 
over  60,  and  many  parts  were  damaged.  The 
structural  evaluation  also  revealed  that  the 
building  was  not  strong  against  the 
considerable  maximum  earthquake.  Thus, 
the  building  was  retrofitted,  including 
structural  strengthening.  The  employed 
techniques  were  1)  installing  steel  plate  walls. 


Photo  1  Osaka  Castle 
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steel  tube  jacketing  of  columns  adjacent  to 
the  installed  steel  walls,  and  4)  CF  jacketing 
of  columns.  Such  columns  are  supporting 
floor  slabs,  therefore,  the  failure  of  columns 
will  induce  fatal  collapse  of  the  building. 

The  CF  jacketing  technique  is  to 
transversely  wrap  CFRP  on  the  column 
surface  for  making  additional  closed  hoops. 
The  action  of  the  wrapping  CFRP  is  shear 
reinforcement  and  confinement  of  concrete 
to  improve  ductility  of  the  columns.  The 
structural  design  code  for  the  CF  jacketing 
was  already  established  in  Japan  [1]. 
Recently,  the  CF  jacketing  is  widely  spread 
due  to  low  cost  and  easiness  of  work. 


Photo  2  Carbon  Fiber  Sheet 


Photo  3  Standard  CF  Jacketing 


At  Osaka  Castle,  a  “standard”  CF 
jacketing  was  applied  for  short  columns.  CF 
sheets  (Photo  2),  in  which  CFs  are  arranged 
uni-directionally,  are  placed  and  glued  by 
hand  with  impregnating  epoxy  resin  (Photo 
3).  Cure  for  FRP  fabrication  is  carried  out  on 
site.  However,  for  long  columns,  a  CF  strand 
winding  technique  [2  and  3]  is  applied 
because  the  winding  technique,  superior  on 
work  speed  and  quality  control,  is  suitable  for 
large-scaled  applications.  The  CF  winding 
employs  a  winding  machine  that  winds  and 
supplies  CF  strands  toward  the  column, 
impregnating  epoxy  resin  and  rotating 
around  the  column  (Photo  4). 

CF  Gluing  for  Wooden  Building 

There  are  many  old  wooden  buildings 
in  Japan.  Such  buildings  are  retrofitted  and 
used  for  museums,  and  so  on.  Then,  a  long¬ 
term  load  as  well  as  an  earthquake  load  is  an 
issue  to  be  solved.  CFRP  is  also  used  for 
strengthening  of  bending  capacity  against  the 
long-term  loads. 

A  CF  gluing  technique  is  widely 
applied  for  existing  reinforced  concrete 
chimneys  to  improve  bending  capacity 
against  a  severe  earthquake  [4].  This 


Photo  4  CF  Winding 


30 


Photo  6  Application  of  CFRP  for  Wood 


CF  sheets. 

Recently,  a  factory-made  CFRP  flat 
bar  [5]  (Photo  5),  which  contains  large 
volume  of  CF,  is  employed  due  to  reducing 
construction  labor.  Since  the  CFRP  flat  bars 
are  impregnated  and  cured,  on-site  work  is  to 
glue  with  epoxy  adhesive  of  high  viscosity. 
The  CF  flat  bars  are  applied  for  bending 
capacity  improvement  of  several  wooden 
buildings,  for  example,  an  old  shop  building 
in  Hakodate,  or  an  old  office  building  of  a 
mine  in  Akita.  Structural  performance  of 
CF-glued  wood  beam  was  tested  [6]. 

An  usual  retrofitting  process  of  a 
historic  wooden  building  is  as  follows;  1) 
decomposition  of  the  building  to  structural 
wooden  pieces,  2)  repaired  or  retrofit  in  a 
factory  of  the  decomposed  pieces,  and  3)  re¬ 
composition.  In  the  factory  repairing  stage, 
CF  flat  bars  are  attached  to  tensile  side  of 
wood  beams  (Photo  6). 

Prestressing  at  Shiriya-zaki  Lighthouse 


technique  is  almost  similar  to  the  standard 
CF  jacketing,  however,  CF  sheets  are  placed 
longitudinally  to  make  the  CFRP  a  resistant 
element  for  bending  moment.  Bending 
capacity  improvement,  however,  is  not 
always  cost-effective  due  to  large  number  of 


Shiriya-zaki  lighthouse,  located  in  the 
north  end  region  of  Honshu  Island,  is 
beautiful  brick  tower  (Photo  7).  Constructed 
in  1877,  the  lighthouse  still  contributes  on  the 
marine  safety.  Seismic  activity  at  Shiriya- 
zaki  is  low,  however,  the  bending  strength  of 


Prestress  Axial  Bars  Confining  Sheet 


Photo  7  Shiriya-zaki  Lighthouse  Fig.  1  Retrofitting  Techniques  for  Lighthouse 
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Photo  8  End  Tube  of  CFRP  Tendon 


the  tower  was  not  enough.  Retrofit  was 
carried  out  to  satisfy  the  following  criteria;  1) 
for  10  cm/s2  earthquake  input,  service  limit 
state  response  and  2)  for  20  cm/s2  earthquake 
input,  safety  limit  state  response. 

Due  to  lack  of  knowledge  on  bricks, 
the  safety  limit  was  conservatively  defined  as 
the  compressive  elastic  limit  of  brick.  For  the 
safety  limit  strengthening,  the  CF  flat  bars 
were  longitudinally  glued  on  the  surface  of 
the  tower  (Fig.  1).  The  bottom  part  of  the 
tower  was  jacketed  with  reinforced  concrete 
to  gain  anchorage  of  the  CF  flat  bars  and  to 
improve  the  strength  of  the  foundation. 

The  service  limit  was  defined  as 
cracking  of  brick  bed  joints.  For  the  service 
limit  strengthening,  compressive  prestress 
was  applied  to  the  tower  by  tensioning  the  CF 
flat  bars  longitudinally  placed  on  the  tower 
surface  (Fig.l).  The  ends  of  the  CF  flat  bar 
have  anchorage  stainless  tubes.  Inserting  the 
CF  bar  into  the  tube,  expansive  material  is 
poured.  The  chemical  expansive  pressure  can 
smoothly  transfer  stress  of  the  CF  flat  bar  to 
the  end  tube  (Photo  8).  At  the  tensioning  end, 
there  are  two  end  tubes  on  which  a  thread  is 
curved.  At  the  outside  end  tube,  tension  is 
applied  through  a  connecting  PC  bar  and  a 
jack.  The  inside  end  tube  is  fixed  by 
fastening  a  nut.  Finally,  the  outside  end  was 
cut  off. 

Concluding  Remarks 

Inside  and  outside  appearances  of  the 
retrofitted  building  employing  the  CFRP 


techniques  is  almost  same  while  the 
structural  performance  is  sufficiently 
improved.  Therefore,  these  techniques  are 
suitable  for  historic  buildings  for  which 
historic  value  should  be  kept. 
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ABSTRACT 

Research  topics  in  micro-  and  macromechanics  of  fiber  reinforced  composites  have  been 
evolving  during  the  last  50  years.  Like  fashion  in  clothing,  emphasis  changes  from  one 
era  to  another.  Recently  a  novel  mechanics  analysis  framework  was  proposed  by  Gosse 
in  his  plenary  lecture  at  ICCM/13  in  Beijing.  It  can  be  used  as  a  basis  for  new  examples 
of  mechanics  research. 

In  his  framework,  he  provided  a  powerful  computational  scheme  to  analyze  the  stress  and 
strain  distributions  and  associated  failures.  This  was  done  on  both  micro-  and 
macromechanics  scales.  An  effective  link  between  the  structural  behavior  composite 
components  to  materials  and  processing  parameters  can  now  be  quantitatively  established. 

While  this  work  is  still  in  its  infancy,  it  already  has  demonstrated  profound  implications 
in  design,  materials  and  process  selections,  and  durability  in  short  and  long  term 
applications.  Research  examples  derived  from  this  computational  intensive  framework 
can  be  clearly  stated.  In  particular,  the  framework  lays  out  a  natural  process  where 
improvements  made  in  research  can  be  integrated  in  the  overall  scheme.  Immediate 
impact  in  design  would  follow. 

In  this  presentation,  challenging  research  in  micromechanics  will  be  described  in  specific 
examples.  The  effects  of  materials  and  processing  on  the  strength  of  unidirectional  plies 
can  be  defined  with  improved  precision.  Proper  utilization  of  such  plies  is  critical  in 
making  composite  laminates  and  structural  components  strong  and  durable.  Such 
philosophy  is  not  new  but  with  improved  accuracy  in  analysis  and  materials  property  data 
variability  in  component  behavior  is  significantly  reduced. 

In  component  design,  ply  geometry  and  material  parameters  can  also  be  shown  in  a 
different  light  from  those  derived  from  treating  composites  as  black  aluminum.  Failures 
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on  micro-  and  macroscopic  scales  can  be  defined  with  higher  predictability  not 
recognized  in  many  current  practice. 

Examples  of  practical  design  problems  include  bonded  and  bolted  joints,  test  specimen 
with  free  edge  stresses,  holes  in  laminates,  compression  after  impact,  and  other  detail 
design  commonly  encountered  in  structures. 

Durability  is  another  example  of  extension  of  this  computational  framework.  While 
extensive  test  data  will  still  be  required,  a  more  systematic  basis  that  takes  advantage  of 
time-temperature  superposition  principle  can  lead  to  master  curves  in  static,  creep  and 
fatigue  loading  conditions.  The  utility  and  confidence  of  the  data  will  be  significantly 
enhanced.  Design  for  life  and  durability  and  accelerated  testing  can  be  treated  with 
internal  consistency  and  rationality. 

The  goals  of  this  computational  framework  are  to  reduce  empiricism,  to  increase 
precision  in  material  characterization  and  to  give  composites  design  and  processing  a 
rational  tool.  With  coordinated  research  tasks  that  will  support  this  framework,  rapid 
advances  can  be  expected.  Composites  can  finally  emerge  as  a  material  of  the  future  and 
can  offer  reliable  service  inside  and  outside  the  aerospace  industry. 
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Abstract 

In  this  paper  recent  developments  on 
the  embedding  of  optical  fibres  into 
polymeric  composites  and  metal  alloys, 
performed  by  research  groups  in  Italy  will 
be  reviewed.  The  types  of  measurements 
performed  with  sensorless  embedded  optical 
fibres  will  be  outlined.  An  application 
related  to  an  intelligent  thermal  protection 
system  for  space  vehicles,  based  on  optical 
fibres  will  be  briefly  addressed. 
Development  of  sensors  for  smart 
manufacturing,  the  realization  of  Bragg 
gratings  and  relevant  interrogation  systems 
will  also  be  considered.  Some  projects 
approved  by  the  European  union  will  be  also 
mentioned. 

Key  Words:  Fibre  optic  smart  structures, 
Embedding,  Metallic  materials,  Structural 
health  monitoring,  Smart  manufacturing, 
Bragg  gratings. 

Introduction 

The  use  of  optical  fibres  in  smart 
structure  applications  is  very  attractive 
because  of  the  well  known  properties  of 
optical  fibers:  their  capability  of  carrying 
information  without  interfering  with  the 
electromagnetic  fields,  (this  is  very 
attractive  for  an  aircraft  where 


communications  and  avionics  are  vital), 
their  very  low  intrusiveness  when 
embedded,  the  possibility  of  multiplexing 
many  sensors  (Bragg  gratings)  in  one  single 
fibre  and  their  insulation  properties 
(essential  when  the  embedding  is  performed 
into  metallic  materials).  The  first  attempts  of 
embedding  optical  fibres  have  been 
conducted  on  polymeric  composite  materials 
and  dates  back  in  the  80’s.  Remaining  for 
the  moment  within  this  particular  area  and 
restricting  our  attention  to  studies  performed 
in  Italy  we  would  like  to  mention  Ref.  [1]  in 
which  our  Department  in  cooperation  with 
Ferrari  Space  Division  and  the  Italian 
National  Agency  for  New  Technology, 
Energy  and  Environment  (ENEA) 
manufactured  many  specimen  laminates 
made  of  Carbon  Fibre  Reinforced  Plastics 
(CFRP)  fabric  with  different  quantities  of 
embedded  optical  fibres.  The  material 
chosen  was  the  one  used  for  both  the 
realization  of  a  small  bio  lab  to  be  placed 
inside  the  International  Space  Station  (ISS) 
and  for  Ferrari  FI  racing  car  structure. 
Traction  and  interlaminar  shear  tests  were 
performed  at  the  Ferrari  Racing  Division. 
The  results  have  shown  negligible  effects  on 
the  mechanical  characteristics  even  in  the 
case  of  very  high  optical  fibre/composite 
volume  fraction.  Another  work  [2]  was 
performed  in  cooperation  with  ALENIA 
Aerospazio  Equipment  &  Technologies 
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Directorate  in  “L’Aquila”.  The  work 
consisted  in  the  space  qualification  of  CFRP 
laminates  with  embedded  optical  fibres.  All 
the  tests  were  performed  both  before  and 
after  thermal  cycling,  i.e.,  the  specimens 
were  exposed  cyclically  at  160  °C  and  -180 
°C  staying  for  one  hour  at  each  temperature. 
This  exposure  was  necessary  to  simulate  the 
effect  of  eclipses  on  a  space  structure.  The 
material  and  polymerisation  cycles  were  the 
one  used  for  the  constellation  of  satellites 
called  Globalstar.  Specifically  the  prepreg 
was  HyE  3454-2AH  whose  constituents 
were  high  modulus  carbon  fibres  and 
esterocyanate  resin.  The  curing  cycle  was 
characterized  by  a  maximum  temperature  of 
177  °C  and  a  pressure  of  7  bars.  Besides  the 
tests  reported  in  Ref.  [1],  flatwise,  flexural, 
and  pull-out  tests  were  also  performed.  In 
spite  of  the  high  number  of  embedded 
optical  fibres  used  in  some  specimens  the 
mechanical  characteristics  of  the  laminates, 
both  before  and  after  thermal  cycling  did  not 
show  significant  variations. 

Embedding  into  Metallic  Materials 

Telecommunication  optical  fibres  are 
basically  made  of  silica  which  have  melting 
point  above  1000  °C.  Consequently  the 
possibility  of  embedding  them  into  some 
metallic  materials  is  in  principle  possible. 
Of  course  not  only  the  survival  of  the  fibre 
is  important  but  also  the  optical  properties 
of  it  need  to  be  considered.  Besides  some 
works  made  by  Japanese  colleagues  (see  to 
mention  a  few  [3,4])  not  much  can  be  found 
in  the  literature  concerning  metallic 
materials  with  embedded  optical  fibres. 
Restricting  again  our  attention  to  specific 
works  performed  in  Italy,  we  can  start  with 
Ref.  [5]  in  which  an  aluminium  coated 
optical  fibre  was  successfully  embedded 
into  an  aluminium  alloy  using  casting.  This 
work  in  spite  of  its  simplicity  was 
fundamental  to  the  future  development  of 
this  field  of  research  since  it  proved  the 
survival  of  the  fibre,  and  its  unmodified 


capability  of  transmitting  light.  In  Fig.  1  is 
reported  a  Scanning  Electron  Microscope 
(SEM)  micrograph  of  a  longitudinal  section. 
It  is  clear  that  the  contact  with  the  liquid 
aluminium  alloy  at  about  750  °C  did  not 
change  the  characteristics  of  the  fibre  and 
that  the  bonding  between  the  silica  fibre  and 
the  metal  alloy  was  excellent.  A  further  step 
forward  was  necessary  to  verify  the 
measurement  capability  of  the  embedded 
optical  fibre.  To  this  end  a  cooperative  effort 


Fig.  1  SEM  micrograph  of  optical  fibre 
embedded  into  an  A1  alloy. 

between  the  Aerospace  and  the  Metallurgy 
Departments  of  “La  Sapienza”  University 
and  the  ENEA  research  center  in  Frascati 
led  to  the  results  described  in  Refs.  [6,7].  In 
those  papers  is  described  a  Michelson 
interferometer  (Fig.  2)  one  arm  of  which 
was  constituted  by  an  aluminium  alloy 
specimen  with  an  embedded  aluminium 
coated  optical  fibre.  When  heated,  the  speci- 
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Fig.  2  Michelson  interferometer. 
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men  expanded  causing  a  variation  in  the 
optical  path  of  the  probe  arm  of  the 
interferometer  and  consequently  a  shifting 
of  the  fringe  pattern.  Specifically  an 
expansion  of  the  specimen  corresponding  to 
one  wavelength  (about  0.5  pm)  causes  a 
shift  of  one  fringe.  By  comparing  the  fringe 
counting  with  the  temperature  obtained  by  a 
thermocouple  it  was  possible  to  establish 
that  the  sensitivity  of  the  interferometer  was 
about  0.5  °C/fringe,  but  above  all  that  the 
embedding  process  by  casting  an  aluminium 
alloy  at  750  °C  did  not  spoil  the 
measurement  capabilities  of  the  optical 
fibre.  However  the  fringes  obtained  by  the 
interferometer  were  not  regular,  i.e.,  they 
were  characterized  by  several  patches  each 
of  which  with  a  differently  oriented  fringe 
patterns.  It  was  clear,  later  on,  the  cause 
being  the  core  diameter  of  the  optical  fibre 
used.  In  fact  the  only  aluminium  coated 
optical  fibre  commercially  available  were 
the  multi-mode  optical  fibre  with  core 
diameter  of  100  pm  while  the  best  suited 
core  dimensions  for  strain  measurements  are 
lower  than  10  pm.  This  last  consideration 
led  the  research  group  to  consider  the  use  of 
single-mode  optical  fibre  with  either 
acrylate  or  polyimide  coating,  the  only 
commercially  available  at  low  cost. 
Differently  from  the  acrylate,  the  polyimide 
coating  displayed  good  resistance  at  the 
contact  with  the  molten  metal  but  the 
cracking  (i.e.,  gas  formation  from  the 
organic  material)  of  tiny  portions  of  the 
resin,  resulted  in  a  poor  fibre/metal  interface 
[7].  The  only  feasible  approach  was  then  to 
remove  the  coating  in  the  portion  of  the 
fibre  to  be  embedded.  The  elimination  of  the 
polyimide  is  not  easily  achievable  [7]  and 
consequently  the  best  approach  was  to 
remove  the  acrylate  coating  as  shown  in  Fig. 
3.  The  removal  could  be  performed  either 
mechanically  using  a  stripper  or  chemically 
by  immerging  for  few  seconds  the  fibre  into 
dichloromethane  (CH2CI2).  This  approach 
has  been  followed  for  the  realization  of  zinc 


alloy  specimens  used  for  the  dynamic  tests 
described  in  the  next  section.  In  Fig.  4.  a 


Fig.  3  Optical  fibre  with  partly  removed 
acrylate  coating. 

SEM  micrograph  of  a  longitudinal  and  a 
transversal  section  of  a  trial  specimen  is 
reported.  Optimal  interface  and  bonding  has 


Fig.  4  SEM  micrograph  of  stripped 
optical  fibre  embedded  into  a 
Zn-Al  alloy. 

been  achieved.  Special  care  has  been 
devoted  at  the  ingress/egress  from  the 
specimen.  In  fact  it  is  well  known  that  those 
areas  are  particularly  prone  to  breakage. 
This  weakness  is  exalted  because  the 
protecting  coating  has  to  be  removed  from 
the  fibre.  The  idea  of  using  cylindrical  steel 
guides  in  those  critical  areas  is  twofold  (Fig. 
5).  Firstly  the  coating  could  be  maintained 
in  correspondence  of  the  guide  because  this 
one  prevent  the  contact  with  the  molten 
metal.  Secondly  the  guide  does  not  allow 
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Fig.  5  Detail  of  cylindrical  steel  guide  and 

optical  fibre. 

bending  of  the  fibre  right  at  the  ingress  and 
egress  from  the  specimen. 

Dynamic  Tests  Using  Embedded 
Optical  Fibres 

One  of  the  most  important  objective 
of  researches  concerning  fibre  optic  smart 
structures  is  that  one  of  realizing  a  structural 
health  monitoring  system.  One  way  of 
achieving  that  is  to  determine  the  dynamic 
characteristics  of  the  structure  and  following 
their  evolution  during  service.  This 
approach  is  studied  by  many  researchers  that 
work  out  the  dynamic  characteristics  of  a 
structure  by  using  the  structural  responses 
gained  by  accelerometers  or  scanning  laser 
vibrometers.  Usually  they  try  to  identify  the 
structures  by  modal  parameters  and  possibly 
to  pin  point  damages  through  the  variation 
of  natural  frequencies  and  mode  shapes  and 
ultimately  even  determine  the  spatial 
matrices  (mass,  stiffness  and  possibly 
damping  matrices).  This  is  a  very  complex 
inverse  problem  that  is  still  far  from  being 
completely  solved.  At  the  other  extreme  we 
have  the  much  simpler  problem  of 
determining  whether  the  structure  need 
some  inspection  or  not.  In  other  words 
instead  of  trying  to  identify  position  and 
entity  of  damage  one  can  limit  himself  to 
determine  if  the  structure  is  damaged  or  not. 
In  Ref.  [8]  a  Zn-Al  slender  bar  with  an 
embedded  optical  fibre  has  been  inserted 
into  an  interferometer  similar  to  that  one 


reported  in  Fig.  2  and  forced  to  vibrate  at 
given  frequencies.  The  response  was 
observed  through  the  signal  of  the  Photo¬ 
detector  (PD)  sent  to  a  digital  oscilloscope. 
This  test  was  only  preliminary  to  a  more 
significant  experiment  just  conducted  and 
that  is  described  next.  In  Ref.  [9]  a  broad 
band  test  has  been  performed  using  the  set¬ 
up  reported  in  Fig.  6.  The  cantilever  bar  is 
visible  in  the  bottom  part  of  the  picture  near 
the  impact  hammer. 


Fig.  6  Setup  for  Michelson  interferometer 
and  broad  band  test. 

The  structure  is  hit  with  an  instrumented 
impact  hammer  and  consequently, 
theoretically,  excited  at  all  frequencies.  In 
practice,  depending  on  the  hardness  of  the 
hammer  tip  mounted,  the  frequency  range  of 
the  excitation  can  be  between  few  hundreds 
Hz  up  to  2000  Hz.  The  vibration  of  the  bar 
causes  a  variation  of  the  optical  path  of  the 
probe  arm  and  ultimately  of  the  amount  of 
light  reaching  the  PD.  The  signal  is  then 
sent  to  a  Fast  Fourier  Transform  (FFT) 
analyser.  In  Fig.  7  is  reported  the  Power 
Spectral  Density  (PSD)  in  the  range  150-250 
Hz  obtained  by  applying  a  zoom  factor  to 
the  base  band.  The  curve  reported  (bottom 
of  figure)  is  strictly  connected  to  the 
Frequency  Response  Function  (FRF)  of  the 
structure  because,  as  said,  the  excitation,  at 
least  in  principle,  is  a  horizontal  line  in  the 
frequency  domain  (top  of  figure). 
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Fig.  7  PSD  of  hammer  excitation  (top) 
and  of  response  by  the 
interferometer  (bottom). 


The  FRF  is  a  good  example  of  a  signature  of 
a  structure:  in  fact  a  damage  induce  changes 
in  stiffness  and/or  mass  and  consequently  on 
the  dynamic  characteristics  represented  by 
the  abovementioned  FRF.  The  use  of  a 
sensorless  optical  fibre  in  conjunction  with 
an  interferometer  allows,  as  just  shown, 
acquisition  of  the  global  dynamic  properties 
of  a  structure  but  is  not  suitable  to  perform 
an  experimental  modal  analysis.  To 
overcome  this  limitation  it  is  necessary  to 
acquire  point  measurements.  To  this  end, 
right  at  this  conference  we  are  presenting 
another  paper  in  which  the  static  and  the 
dynamic  (forced  sinusoidal),  responses  of  a 
Fibre  Bragg  Grating  (FBG)  embedded  into  a 
Zn-Al  bar  are  measured.  This  has  to  be 
considered  a  first  step  before  an  actual 
modal  analysis  could  be  performed  using 
several  sensors  multiplexed  on  different 
embedded  fibres. 

High  Temperature  Applications 

Our  research  group  is  involved  in  the 
study  concerning  an  intelligent  thermal 
protection  system  for  space  vehicles  [10].  It 
is  known  that  a  significant  portion  of  the 
launch  cost  of  a  reusable  launch  vehicle  is 
due  to  the  monitoring.  The  introduction  of 
automated  health  monitoring  systems  and  in 
particular  of  structural  health  monitoring 


system  could  be  the  key  for  reducing  the 
cost  of  access  to  space.  Preliminary  tests  for 
embedding  optical  fibres  into  a  ceramic 
thermal  protection  system  by  the  High 
Velocity  Oxy  Fuel  (HVOF)  technique  were 
satisfactory.  Particular  care  was  needed  to 
maintain  the  fibres  in  place  on  the 
aluminium  substrate  during  the  deposition 
process. 

Fibre  Optic  Sensors 

An  interesting  sensor  for  smart 
manufacturing  applications  has  been 
developed  by  an  interdisciplinary  group 
located  in  Naples  and  surroundings.  The 
group  is  constituted  by  the  Departments  of 
Electronic  Engineering  of  the  Universities 
of  Naples  and  Sannio,  the  Institute  of 
Composite  Materials  Technology  and  the 
Italian  Aerospace  Research  Center.  In  [11] 
is  proposed  the  use  of  an  in  fibre  sensor  for 
refractive  index  measurements.  The 
refractive  index  is  in  fact  related  to  the 
degree  of  cure  in  a  thermoset-based 
composite.  Preliminary  tests,  useful  for 
designing  the  fibre  optic  sensor,  [12,13] 
have  been  conducted  on  a  resin  bath  by 
measuring,  through  a  CCD  camera,  the 
angle  variation  of  a  laser  light  emerging 
from  the  resin,  induced  by  both  isothermal 
and  actual  curing  cycles.  The  sensor  is 
realized  into  a  step-index  single  mode  fibre. 
When  the  infrared  (1310nm)  light  of  a  laser 
diode  is  launched  into  the  embedded  fibre, 
at  the  interface  between  the  fibre  end  and 
the  resin  there  is  a  reflection  which  is  a 
function  of  the  two  refractive  indices  (of  the 
fibre  core  and  the  resin).  The  power 
collected  by  the  PD  is  therefore  related  to 
the  degree  of  cure  of  the  resin.  To  improve 
the  signal  to  noise  ratio  the  laser  diode  is 
modulated  in  amplitude  while  the  signal 
from  the  PD  is  analysed  by  a  lock-in 
amplifier.  The  integration  within  the  same 
fibre  of  a  reflectometric  sensor  and  FBGs 
has  been  experimented  by  the  same  group  in 
Ref.  [14].  The  use  of  couples  of  practically 
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co-located  FBGs  could  allow  the 
independent  measurement  of  temperature 
and  strain  during  operation  of  the  structure. 
The  reflected  signals  are  separated  by  the 
coupler  and  processed,  for  the  reflectometer 
and  for  the  FBGs,  according  to  the 
synchronous  detection  just  described  and 
with  two  demodulation  techniques 
respectively  (Fig.  8). 


Resin  Specimen 


Fig.  8  Optoelectronic  set  up  for  FBGs 
and  degree  of  cure  sensor. 

The  two  techniques  just  mentioned  use 
either  a  broadband  Bragg  grating  and  a 
narrowband  laser  source  or  inversely  a 
narrowband  Bragg  grating  and  a  broadband 
(typically  50  nm)  source.  Both  techniques 
are  intensity  based,  i.e.,  they  convert  the 
wavelength  shift  into  an  intensity  variation. 
Another  group  constituted  by  the  Institute 
for  Research  on  Mechanical  Technology 
and  Automation  (RTM)  located  in  Vico 
Canavese  near  Turin  and  the  Research 
Institute  on  Electromagnetic  Waves  (IROE) 
in  Firenze  are  involved  in  the  manufacturing 
of  Bragg  gratings  to  be  used  for  automotive 
application.  In  Fig.  9  is  reported  a 
windshield  instrumented  with  couples  of 
FBGs  (one  sensor  only  in  thermal  contact  to 
perform  temperature  compensation).  The 
interrogation  system  is  designed  to  work  at 
high  frequency  (few  kHz).  The  group  is  also 
working  on  the  manufacturing  of  FBGs  with 
the  phase  mask  technique  exposing  the 
germanium  doped  optical  fibres  at  the  UV 


Tronic  a  di  mlsura:  “QuasTDistrUmlta” 


Fig.  9  FBGs  used  for  car  windshield 
health  monitoring. 

light  emitted  by  an  eccimer  KrF  laser.  The 
fluency  were  of  about  400  mJ/cm2  per  pulse 
with  a  repetition  rate  of  100Hz.  In  Fig.  10  is 
reported  the  experimental  set-up  for  writing 
the  FBGs.  An  Optical  Spectrum  Analyser 
(OSA)  observe  in  real  time  the  transmitted 
light.  By  properly  pulling  the  optical  fibre 
during  the  exposure  it  is  possible  to  write 
FBGs  with  different  Bragg  wavelength 
within  the  same  fibre. 


Fig.  10  Set  up  for  FBGs’  manufacturing. 

European  Programs 

The  interest  for  smart  materials  and 
in  particular  for  structural  health  monitoring 
in  Europe  is  witnessed  by  the  regularly 
organized  European  conferences  on  smart 
structures  and  materials  and  by  the  newly 
developed  conferences  such  as  the  First 
European  Workshop  on  Structural  Health 
Monitoring  to  be  held  next  year  at  Cachan 
near  Paris  and  the  first  Multifunction 
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SEnsors  for  structural  health  monitoring  in 
Aerospace  Structures  (MUSEAS  1)  to  be 
held  at  CIRA  in  Capua,  Italy.  As  observed 
in  [16]  the  majority  of  the  papers  presented 
at  the  conferences  mentioned  at  the 
beginning  of  the  paragraph  were  at  least 
partly  devoted  to  fibre  optic  systems.  In 
Europe  the  integration  between  member 
states  is  not  completely  achieved  and 
therefore  national  programs  support 
researchers  in  the  single  states.  That  is  the 
case  of  all  the  Italian  research  programs 
presented  in  this  paper  which  were 
principally  supported  by  the  Italian  Ministry 
of  the  University  and  of  the  Scientific  and 
Technological  Research  (MURST)  and  the 
Italian  Space  Agency  (ASI).  However  there 
are  collections  of  projects,  that  involve  the 
use  of  fibre  optic  sensor  technology, 
financed  by  the  European  Economic 
Community  (EEC)  under  various  forms. 
Most  of  the  following  information  has  been 
retrieved  by  consulting  the  Community 
Research  and  Development  Information 
Service  (CORDIS).  In  what  follows  it  will 
be  briefly  mentioned  the  more  recent 
European  projects  that  involve  fibre  optic 
sensor  technology.  Starting  with  the  3rd 
Framework  Program  under  program 
BRITE/EURAM  2,  we  would  like  to 
mention  the  project:  FORMS  Distributed 
strain  monitoring  on  high  temperature 
pipework.  8  partners  (1  of  which  Italian) 
were  involved.  End  date  was  Aug.  1998. 
The  acronym  meaning  is:  Fibre  Optics  for 
Remote  Monitoring  of  Structural  integrity  at 
elevated  temperature  insulated  Systems.  The 
objective  was  to  use  optical  fibres  to 
measure  the  strain  because  they  are  capable 
to  withstand  the  harsh  environment  typical 
of  pipework  in  production  plants. 
Furthermore  minimal  cabling  is  achievable. 
Within  the  4th  Framework  Program  under 
program  BRITE/EURAM  3  we  found  the 
following  four  projects  reported  in 
chronological  order: 

MONITOR  Monitoring  On-line  Integrated 
Technologies  for  Operational  Reliability.  1 1 


partners  (1  of  which  Italian)  were  involved. 
End  date:  July  1999.  The  objective  is  to  use 
on-line  monitoring  to  achieve  a  reduction  in 
classical  inspection  of  aircrafts  of  at  least 
20%  within  5  years  from  completion  of  the 
project. 

FOSMET  (acronym  not  officially  registered 
on  CORDIS  database)  Fibre  Optic  Strain 
Monitoring  at  Elevated  Temperatures.  9 
partners  (1  of  which  Italian)  were  involved. 
End  date:  Dec.  1999.  The  objectives  is 
somehow  related  to  those  of  FORMS.  In 
particular  armoured  high  temperature 
cabling  and  methods  for  sensor  attachment 
to  components  have  been  developed. 
DAMASCOS  Damage  Assessment  in  Smart 
Composite  Structures.  6  partners  (2  of 
which  Italian)  were  involved.  End  date  Feb. 
2001.  The  objectives  of  the  project  were  to 
perform  damage  and  ageing  assessment  for 
large  area  composite  structures.  The 
scattering  of  ultrasonic  waves,  induced  by 
damage,  are  obtained  by  piezoelectric 
elements  exciting  the  structure  at  relatively 
low  frequency  (100-500kHz).  The  sensors 
can  be  either  optical  fibre  and/or 
piezoelectric  elements. 

AMADEUS  Structures  accurate  modelling 
and  damage  detection  in  high  safety  and 
cost  structures.  6  partners  (2  of  which 
Italian)  were  involved.  End  date:  Aug.  2001. 
The  objective  is  to  realize  an  autonomous 
PC  based  expert  system  for  on  site  structural 
health  monitoring  for  structures  ranging 
from  highway  bridges  to  spacecraft 
antennas. 

All  the  above  projects  have  been  financed 
according  to  contract  type  CSC  (Cost¬ 
sharing  contracts).  Within  the  5th 
Framework  program  (FP5),  that  covers  the 
period  1998-2002,  has  been  introduced  a 
new  form  of  contract  type  called 
Exploratory  award.  This  is  granted  to  Small 
and  Medium  Enterprises  (SME)  to  cover 
part  of  the  costs  of  preparing  a  complete 
step  2  proposal  for  submission  to  one  of  the 
Research  and  Technological  Development 
(RTD)  programmes.  As  examples  we  have 
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found  in  the  CORDIS  database  within  the 
program  GROWTH  (one  of  the  four 
thematic  programmes  of  FP5)  the  following 
proposals: 

Fibre  optic  cables  for  temperature 
monitoring.  2  partners  were  involved.  End 
date:  Apr.  2000.  The  telecommunication 
optical  fibres  are  bend  sensitive, 
characterized  by  graded  index  and  not 
optimised  for  sensing.  In  this  program  it  is 
proposed  to  develop  specific  step  index 
optical  fibres  and  protecting  cables  with 
efficient  heat  transfer  towards  the  optical 
fibre. 

Fibre  optic  sensors  for  the  monitoring  of 
composites  strengthened  structures.  2 
partners  (1  of  which  Italian).  The  use  of 
external  composite  laminates  with 
embedded  fibre  optic  sensors  as 
reinforcement  on  concrete  structures  is 
proposed  as  opposed  to  the  conventional 
steel  plate. 

Another  contract  type  provided  by  the 
European  community  is  the  RGI  (Research 
Grants  -  Individual  fellowship).  The  grant  is 
provided  under  the  program  TMR  (Train 
and  Mobility  of  Researchers).  Within  this 
context  and  in  the  field  of  fibre  optic  smart 
structures  we  have  found  the  following 
project:  Health  and  usage  monitoring  of 
aerospace  structures  using  optical  fibre 
Bragg  grating  sensors.  2  partners  involved. 
End  date:  June  1999.  Among  the  objectives 
there  are  the  study  of  the  temperature-strain 
separation  techniques  under  embedded 
conditions  and  the  investigation  of 
temperature-strain  cross-sensitivity. 

Acknowledgments 

The  author  wish  to  thank  Dr.  Calabro’  of  the 
Italian  Aerospace  Research  Center  (CIRA) 
in  Capua,  Prof.  Cusano  of  the  Department  of 
Electronic  Engineering  of  the  Univ.  of 
Naples,  Dr.  Giordano  of  the  Institute  of 
Composite  Materials  Technology  of  Naples, 
and  Dr.  Castelli  of  the  Institute  for  Research 
on  Mechanical  Technology  and  Automation 
(RTM)  for  the  important  information 


provided,  essential  for  giving  a  complete 
picture  of  the  Italian  state  of  the  art  on  fibre 
optic  smart  structure  applications. 

References 

1.  A.  Paolozzi,  M.A.  Caponero,  F.  Cassese, 
M.  Leonardi:  Proc.  of  17th  Int.  Modal 
Analysis  Conf.  (IMAC),  699  (1999). 

2.  A.  Paolozzi,  M.  Ivagnes,  U.  Lecci:  Proc. 
of  2nd  Int.  Workshop  on  Structural  Health 
Monitoring,  661  (1999). 

3.  H.  Asanuma,  K.  Ichikawa,  T.  K.  Kishi:  J. 
of  Intelligent  Material  System  and 
Structures,  7,  301  (1996). 

4.  O.  Haga,  H.  Asanuma,  H.  Koyama: 
Advanced  Composite  Materials,  7(3),  239 
(1998). 

5.  A.  Paolozzi,  F.  Felli,  A.  Brotzu:  Proc.  of 
PACAM  VI/DINAME  99,  639  (1999). 

6.  A.  Paolozzi,  F.  Felli,  M.A.  Caponero: 
Proc.  of  2nd  Int.  Workshop  on  Structural 
Health  Monitoring,  257  (1999). 

7.  F.  Felli,  A.  Paolozzi,  M.A.  Caponero: 
Aluminum  Transaction,  2(2),  189  (2000). 

8.  M.A.  Caponero,  F.  Felli,  A.  Paolozzi,  I. 
Peroni:  SPIE  Symposium  on  Smart 
Materials,  4234,  152  (2000). 

9.  A.  Paolozzi,  F.  Felli,  Proc.  16th  AIDA  A 
Italian  Congress,  (2001) 

10.  A.  Paolozzi,  F.  Felli,  T.  Valente,  M.A. 
Caponero,  M.  Tului:  SPIE  Symposium  on 
Smart  Material,  4234,  160  (2000). 

11.  A.  Cusano,  G.  Breglio,  M.  Giordano,  A. 
Calabro’,  A.  Cutolo,  L.  Nicolais:  J.  Opt.  A: 
Pure  Appl.  Opt.,  3,  1  (2001). 

12.  A.  Cusano  et  al.:  Appl.  Opt.,  37,  1130 

(2000). 

13.  A.  Cusano  et  al.:  Sensors  Actuators,  84, 
270  (2000). 

14.  A.  Cusano  et  al.:  Proc.  IEEE/ASME,  Int. 
Conf.  on  Advanced  Intelligent 
Mechatronics,  401  (2001). 

15.  R.  Falciai,  M.A.  Forastiere,  S.  Pelli, 
G.C.  Righini,  P.  Castelli,  P.  Giocosa,  Proc. 
Int.  Conf.  on  Fiber  Optic  &  Photonics,  1085 
(1998). 

16.  P.D.  Foote,  Proc.  2nd  Int.  Workshop  on 
Structural  Health  Monitoring,  24  (1999). 


42 


Proceedings  of  7lh  Japan  International  SAMPE 
Symposium  S  Exhibition,  Nov.  13-16,  200 1 


Smart  Materials  and  Structures  at  EADS  Corporate 
Research  Center:  An  overview 


Jordi  SANIGER*,  Benoit  PETITJEAN 

*  EADS  Corporate  Research  Center 
12,  rue  Pasteur  92152  ,  Suresnes  Cedex  -FRANCE 
Email:jordi.saniger@eads.net 


Abstract 

In  order  to  provide  the  strategic 
needs  for  EADS  products,  the  Corporate 
Research  Centre  has  early  developed  an 
activity  in  the  field  of  Smart  Materials  and 
Structures.  EADS  CCR  has  developed 
several  technological  demonstrators  to 
assess  the  impact  of  such  technologies  on 
EADS  products. 

First,  the  Smart  Materials  and 
Structures  activity  will  be  briefly  described 
and  some  of  its  applications  as  high 
accuracy  positioning  system,  development 
and  integration  of  an  active  flap  actuation 
system  into  a  full  scale  rotor  blade, 
development  of  isolation  systems  for 
electronic  devices  in  harsh  vibrating 
environment,  or  in-flight  testing  of  health 
monitoring  devices  and  involvement  on 
other  programs. 

Sensors  and  actuators  integration 
into  real  structures  will  also  be  introduced, 
taking  into  account  industrial  constraints 
such  as  cost,  mass,  power  or  compatibility 
with  current  manufacturing  processes. 

Main  research  priorities  will  be 
pointed  out  to  conclude  the  paper. 

Key  Words:  Smart  Materials,  composite 
structures,  aerospace  applications. 

Introduction 


Over  the  last  years  a  considerable 
development  in  the  field  of  smart  materials 
and  structures  has  been  achieved.  The  main 
goal  is  to  obtain  a  high  degree  of  integration 
on  the  functions  achieved  by  a  structure. 

One  of  the  obvious  areas  of 
application  is  aerospace  products,  regarding 
its  needs  of  performance,  reliability  and 
weight  reduction.  The  presently  developed 
smart  structures  are  mainly  performance  or 
functionality  oriented.  Thus,  the  research  is 
carried  out  on  a  demonstrator  basis  for 
feasibility  assessment.  Manufacturing  and 
economic  impact  have  also  been  studied  in 
some  particular  cases  to  evaluate  the 
potential  benefit  of  these  technologies. 

The  Multifunctional  Structures 
Laboratory  at  EADS  CCR  has  been  working 
in  the  last  decade  addressing  several 
technological  problems  on  active  control  of 
sound  and  vibration,  structural  health 
monitoring  and  shape  control.  The  different 
projects  have  been  performed  taking  into 
account  the  industrial  requirements  and  with 
close  cooperation  of  the  different  EADS 
Business  Units.  In  order  to  fulfill  the 
requirements  of  the  projects,  an  integrated 
systems  approach  in  the  design  of  the 
demonstrators  has  been  followed. 

Structural  Health  Monitoring 

Structural  health  monitoring  is  a 
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methodology  to  cope  with  the  aging  of 
structures  or  its  reliability  facing  damages 
produced  by  accident  or  under  severe 
environments.  Optimization  of  the 
maintenance  costs  and  increased  safety  are 
the  main  addressed  objectives. 

The  current  projects  at  the 
Multifunctional  Structures  Laboratory 
addressed  the  following  issues: 

-  Embedding  technologies  and  methods. 

-  Damage  assessment  algorithms. 

-  Sensor  placement  methods 

-  Materials  behavior  under  damage 

Two  main  concepts  were  investigated  for 
damage  assessment:  optical  fibers  and 
acoustic  emission  sensors. 

SHM  based  on  Fiber  Optic  Sensors 
Optical  fiber  sensors  have  been  used  for 
damage  assessment  on  composite  structures. 
A  demonstrator  was  manufactured  based  on 
bi-reffingent  fibers.  Embedding  procedures 
were  studied  to  establish  an  appropriate  fiber 
path  a  carbon  fiber  composite  structure. 
Different  types  of  fibers  were  investigated  in 
order  to  select  the  most  adapted.  Strain 
measures  were  performed  in  static  and 
fatigue  (0.3%  and  -0.1%).  The  concept  was 
based  on  the  damaging  of  fiber  due  to  an 
impact  and  the  change  on  the  fiber 
properties. 

Several  problems  arose  while 
implementing  the  demonstrator.  Connectors 
were  difficult  to  manufacture  due  to  fiber 
assembly  problems.  Also  the  fiber  high  price 
showed  that  it  was  too  expensive  for  some 
applications.  The  embedding  procedure  was 
assessed  but  the  stability  of  the  equipment 
on  an  airborne  acquisition  system  was  a 
major  issue. 


Fig.l  Optical  fibers  embedded  on  a 
representative  aerospace  structure. 


SHM  based  on  Acoustic  Emission 
Monitoring  concepts  based  on  acoustic 
emission  have  been  studied.  Structures  emit 
waves  under  load  produced  by  an  impact  or 
while  a  crack  is  developing.  This 
phenomenon  known  as  acoustic  emission 
encompasses  different  classes  of  waves 
travelling  through  the  material.  The 
technique  consists  in  the  sensing,  acquisition 
and  processing  of  this  data  in  order  to  assess 
the  damages  on  a  structure. 

The  different  steps  to  develop  such  a 
system  started  with  a  BRITE-EURAM 
program  where  an  available  AE  commercial 
system  with  its  sensors  was  tested  in  flight. 


Fig.2  Aircraft  aft  fuselage  with  AE 
sensors  (red  circular  spots) 


The  research  proved  that  the  AE 
system  could  detect  pulses  sent  at  different 
flight  regimes  and  could  discriminate  the 
background  noise  due  to  the  different. 

This  results  showed  that  the  AE 
technique  allowed  to  monitor  wide  areas  on 
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aircraft  structure  without  altering  the 
structure’s  configuration.  Due  to  the 
dynamic  character  of  AE,  it  is  adapted  to 
monitor  impact  of  crack  propagation.  To 
optimize  the  number  of  sensors  necessary 
for  a  wide  area  while  ensuring  an  effective 
visual  inspection  of  the  structure,  damage 
localization  procedures  must  be  developed. 
Classical  algorithms  and  methodologies  for 
damage  detection  were  not  adapted  as  they 
assumed  that  the  structure  was  flat  and  with 
an  isotropic  behavior.  However,  composites 
structures  present  usually  a  high  anisotropy. 
Therefore,  a  procedure  suited  to  complex 
structures  (e.g.  with  stiffeners)  is  necessary 
in  order  to  develop  a  system  for  a  real 
aircraft  environment. 


Fig.3  Acoustic  Emission  impact 

generator 

A  cooperation  with  the  RIMCOF 
Institute  of  Japan  was  initiated  on  this 
subject.  A  “learning  by  experience”  system 
was  developed  in  order  to  assess  the  severity 
and  to  localize  impact  on  a  structure.  The 
procedure  was  based  on  the  integration  of  an 
AE  sensors  network  on  a  structure.  AE 
stimuli  are  produced  on  the  structure  at 
some  strategic  locations  to  provide  a 
reference  behavior.  Once  the  system  is  on 
service,  it  can  compare  the  arrival  times  of 
the  acoustic  wave  produced  by  a  real  impact 
to  the  sensors.  The  localization  is  performed 
with  a  high  degree  of  accuracy  (5% 
localization  error  for  a  CFRP  structure  of 
500  mm  length).  An  electromechanical 
device  was  designed  and  manufactured  in 
order  to  generate  the  learning  AE  waves  on 
the  structure. 


Active  Control  of  Noise  and  Vibration 

Active  Vibration  Isolation 
One  of  the  major  issues  in  vibration  control 
is  the  isolation  of  critical  equipment  in  a 
harsh  environment.  The  present 
obsolescence  problems  on  avionics  products 
is  a  major  concern  for  Air  Forces.  Research 
has  been  conducted  in  order  to  provide 
active  systems  for  vibration  isolation  of 
avionics  on  helicopters.  A  representative 
bench  was  manufactured  to  test  a 
configuration  of  four  controlled  actuators 
isolating  a  flexible  shelf  supporting  a 
dummy  avionics  rack  of  40  kg. 

The  program  is  running  and  an 
actuator  system  adapted  to  the  specified 
requirements  for  a  helicopter  has  been 
manufactured.  The  system  is  designed  to 
withstand  high  vibration  levels  and  to  reduce 
acceleration  levels  from  2.5  g  to  0.7  g  on  the 
harmonics  of  the  main  rotor  frequency. 
Also,  shock  dimensioning  was  performed  to 
satisfy  crash  requirements.  Evaluation  of  the 
global  performances  will  be  carried  out  by 
the  end  of  2001. 

Active  Rotor  -  Blade  Demonstrator 

Reducing  the  external  noise  is 
becoming  a  major  issue  for  helicopter 
manufacturers.  The  idea  behind  this  goal  is 
to  reduce  or  even  avoid  the  blade  vortex 
interaction  (BVI),  especially  during  descent 
and  flights  over  inhabited  areas.  This  can  be 
achieved  by  changing  locally  the  lift  of  the 
blade. 

Several  strategies  to  reach  this  goal 
were  under  investigation  such  as  the  control 
of  the  local  incidence  of  the  blade  by  a 
direct  lift  flap. 

EADS  CCR  and  EADS  Missiles 
defined,  manufactured  and  tested  an 
electromagnetic  actuator  system  able  to 
answer  BVI  needs  for  moving  a  direct  lift 
flap.  The  particularity  of  this  actuator  is  its 


45 


ability  to  apply  the  required  force  on  the 
whole  stroke  range. 


Fig.4  Demonstrator  test-bench 

The  designed  flap  was  integrated  on 
a  representative  EUROCOPTER  DOLPHIN 
blade  section  and  the  actuator  system  was 
designed  to  fit  in  the  available  space  within 
the  blade.  The  required  stroke  and  force 
were  achieved  over  the  frequency  range  of 
interest. 

The  system  was  lab  tested  on  a 
representative  EUROCOPTER  test-bed  and 
subjected  to  realistic  mechanical  loads. 
During  the  static  tests  a  force  of  250  N  was 
delivered  at  6,5  A,  yielding  a  stroke  of 
±2  mm  and  5°  deflection  operating  at  30  Hz, 
which  suited  the  specified  requirements. 

Shape  and  Position  Active  Control 

Shape  and  positioning  control  are 
critical  issues  to  guarantee  a  certain  behavior 
under  extreme  environments.  Satellite 
applications  require  a  high  degree  of 
accuracy  to  ensure  their  functionally.  A 
study  was  performed  for  the  positioning  of  a 
small  reflector  on  a  satellite.  A  5  dof. 
platform  demonstrator  was  manufactured  to 
study  the  potential  of  piezoelectric  actuators 
and  LVDT  sensors  to  maintain  a  certain 
position.  The  requirements  were  a  precision 


of  1  (im.  The  needed  voltage  was  in  the 
order  of  35  V  for  the  piezoelectric  actuators, 
for  a  maximum  stroke  of  5  (im.  The 
different  tested  control  strategies  were  PID 
feedback  control,  an  LQG  estimator  and  an 
adaptive  controller. 


Fig.5  Demonstrator  test-bench 
Conclusions 

EADS  is  committed  to  devote  a  significant 
research  effort  on  the  topic  of  smart 
materials  and  structures.  Industrial 
demonstrators  are  developed  and  the  main 
subjects  are  structural  health  monitoring, 
noise  and  vibration  control  and  shape 
control.  A  global  system  approach  allows  to 
include  all  industrial  constraints 
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ABSTRACT 

The  optimal  design  methodology  of 
interleaving  and  piezoelectric  polymer/ceramic 
for  passive  vibration  damping  of  CFRP 
structures  is  discussed  in  the  present  work.  An 
attempt  to  improve  the  vibration  damping  of 
this  material  was  first  performed  by 
introducing  polyethylene-based  film 
interlayers  between  composite  plies.  It  is  also 
shown  that  the  vibration  damping  of  CFRP 
laminates  can  be  improved  passively  by  use  of 
piezoelectric  polymer  (PVDF)  film  interlayers 
and  surface-bonded  piezoelectric  ceramic  PZT 
sheets.  The  CFRP  beams  by  use  of  combined 
interleaving  and  surface  bonded  PZT  ceramics 
is  potentially  useful  for  application  in 
structures  where  light  weight  and  improved 
vibration  damping  are  desired. 

Key  Word:  CFRP,  Vibration  Damping 
Piezoelectric  Materials,  Smart  Materials 


1.  INTRODUCTION 

Although  Carbon  fiber-reinforced  plastics 
(CFRP)  have  a  high  stiffness  and  low  density, 
these  materials  are  considered  to  be  unsuitable 
for  low-vibration  structures  because  of  their 
inherent  low  vibration  damping  whose  loss 
factors  are  0.001  to  0.005.  The  authors  are 
interested  in  two  particular  methods  for 
improving  the  vibration  damping  of  CFRP 
materials:  (1)  interleaving  of  visco-elastic 
plastic  films  and  (2)  surface  bonded 
piezoelectric  ceramics.  The  first  way  improves 
damping  by  introducing  compliant  interlayers 
between  composite  plies  (Figure  1).  The  other 
way  is  the  passive  vibration  damping  of  CFRP 
laminates  by  use  of  surface-bonded 
piezoelectric  ceramic  PZT  sheets  (Figure  2). 
Electrically  shunting  a  piezoelectric  ceramics 
modifies  its  electrical  and  mechanical 
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impedance,  and  thus  leads  to  a  mechanical 
damping  analogous  to  viscoelastic  materials. 


Figure  2  Passive  damping  by  resistively 
shunted  piezoelectric  ceramics 

The  author  is  also  interested  in  exp  bring  how 
the  interleaved  piezoelectric  polymer  (PVDF) 
film  can  work  to  enhance  the  vibration  damping 
capability  of  CFRP  beams.  From  this  point  of 
view,  this  paper  deals  with  the  design  of 
damping  CFRP  beams,  by  the  methods  using 
interleaving  of  visco-elastic  plastic  films  or 
piezoelectric  polymer  (PVDF)  film  interlayers, 
and  surface  bonded  piezoelectric  ceramics  with 
shunted  resistance. 


2.  SPECIMEN  PREPARATION  AND 
EXPERIMENTAL  METHOD 


Quasi-isotropic  [0/±45/90]s  and  Cross-ply 
[07906]s  cantilever  beams  were  made  of 
T800/2500  unidirectional  carbon  fiber- 
reinforced  epoxy  prepregs  (Toray,  Japan).  The 
laminates  were  cured  in  an  autoclave  for  3 
hours  at  130°C  and  5bar.  The  C-82  type 
piezoelectric  ceramic,  PbZr03-PbTi03  (PZT) 
elements  (Fuji  Ceramics)  were  supplied  as 
sheets  measuring  100mm  x  15mm  x  0.28mm. 
Cantilever  beam  tests  were  carried  out  on 
90mm  long  and  15mm  wide  plates,  with  the 
surface  fiber  orientation  parallel  to  the  long  axis 
of  the  beam.  The  piezoelectric  ceramic  sheets 
were  cut  into  the  10mm  length  and  the 
capacitance  of  the  individual  sheets  was 
measured.  The  piezoelectric  ceramics  were 
poled  through  the  thickness.  The  poling 
direction  of  the  mounted  elements  is  oriented 
to  the  outside  of  a  beam.  The  outside  surface  of 
the  piezoelectric  ceramic  sheets  was  coasted 
with  a  conductive  silver  paint  to  form  the 
positive  electrodes,  and  the  shunting  resistance 
was  connected  across  these  electrodes,  as 
shown  by  the  arrow  in  Figure  2.  The  vibration 
excitation  force  was  applied  by  means  of  a 
magnetic  transducer  (MM 0002;  B&K)  driving 
a  thin,  0. 1 7  mm  steel  disk  bonded  to  the  beam 
tip.  The  beam  response  was  measured  using  a 
capacitive  transducer  (MM0004;  B&K).  A 
random,  white  noise  vibration  was  used  as 
driving  signal.  The  response  of  the  beam  for  the 
first  four  modes  was  measured  at  the  mid¬ 
length  and  analyzed  using  a  Briiel&Kjaer 
Type  3550  dynamic  signal  analyzer.  The 
loss  factor  was  determined  from  the  vibration 
curve  decay. 
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3.  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 


3.2  Interleaving  and  Resistively  Shunted 
Piezoelectric  Ceramics 


3.1  Passive  Damping  by  Resistively  Shunted 
Piezoelectric  Ceramic  Sheets 


The  stiffness  of  the  piezoelectric  ceramics, 
similarly  to  a  viscoelastic  material,  can  be 
expressed  as  a  frequency  dependent  modulus 
and  loss  factor.  The  maximum  loss  factor  of  a 
resistively  shunted  PZT  element  is  [1]: 

‘» 


at  a  non-dimensional  frequency 
p  -  RCpQ.  -  -  /i  -  ,  where  k31  is  the 

coupling  coefficient,  and  Cp  is  the  inherent 
capacitance  of  the  piezoelectric  ceramics.  For  a 
natural  vibration  frequency  o>,  the  optimal 
resistance  is  thus  given  by: 


R 
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(2) 


When  the  piezoceramic  is  mechanically 
coupled  to  the  CFRP  beam,  the  optimal 
resistance  is  calculated  in  the  same  way,  but 
the  overall  damping  is  approximated  by  the 
average  of  the  CFRP  and  PZT  loss  factors 
weighted  by  the  proportion  of  strain  energy  U 
in  them  [1]: 


Wbeam  (^CFRP^CFRP  +  WpzrU pzr)^ cfrp  +  Upzr) 

(3) 


The  PZT  elements  are  thus  used  most 
effectively  in  the  locations  of  highest  beam 
curvature  [2]. 


Four  different  laminates  were  prepared  for  this 
study.  Laminate  types,  with  the  I  showing 
the  location  of  interleaf,  can  be  distinguished  in 
the  following  way:  (1)  [07+457-45790°]s,  (2) 
[07+457-457I/90o]s,  (3)  [07+457-45790°]s 
with  bonded  PZT,  (4)  [0°/+457-457I/90o]s 
with  bonded  PZT.  The  10mm  long  PZT  sheets 
were  bonded  onto  the  location  near  the  root  of 
CFRP  cantilever  beams  with  or  without 
interleaf  films  (see  Figure  2).  The  cantilever 
beam  vibration  tests  were  performed  on  these 
laminates  and  the  first-mode  resonant 
frequency  and  loss  factors  were  measured  and 
results  are  summarized  in  Table  1.  Both  the 
interleaving  ([07+45 7-457F90°]s)  and  bonded 
piezoelectric  ceramics  ([07+45 7-45 790' ]s 
with  bonded  PZT)  improved  vibration 
damping  in  comparison  with  conventional 
CFRP  laminates  ([07+457-45790']s).  In 
addition  to  this,  by  combining  the  interleaving 
and  surface  bonded  PZT  ceramics  ([07+457- 
45°/I/90°]s  with  bonded  PZT),  joint  effect  of 
both  methods  has  been  achieved  for  the 
vibration  damping  of  CFRP  laminates.  The 
loss  factor  of  [07+457-45 °/T/90°]s  with  bonded 
PZT  was  about  6.3  times  higher  in  the  first 
mode  of  vibration  than  that  for  the 
conventional  laminate,  [07+457-45 790°]s. 


Table  1  Loss  factor  values  for  the  variaus  CFRP  beams 


Beam  description 

Loss  factor 

[0°  /+45°  /-45°  /90°  ]s 

0.00193 

[0°  /+45‘  /-45°  /I/90°  ]s 

0.00302 

[0°  /+45°  /-45°  /90°  js  with  bonded  PZT 

0.00953 

[0°  /+45°  /-45°  /I/90°  Is  with  bonded  PZT 

0.01231 
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3.3  Passive  Damping  by  Use  of  Piezoelectric 
Polymer  (P\DF)  Film  Interlayers  and 
Surface  Bonded  Piezoelectric  Ceranucs 

In  this  section,  the  passive  damping  by  use  of 
piezoelectric  polymer  (PVDF)  film  interlayers 
and  surface  bonded  piezoelectric  ceramics  is 
discussed.  The  PVDF  films  of  10mm  long  are 
incorporated  at  the  interlayers  near  the  root  of 
70mm  long  cantilever  beam.  Four  different 
laminates  were  prepared  for  this  study. 
Laminate  types,  with  the  P  showing  the 
location  of  interleaved  PVDF  film,  can  be 
distinguished  in  the  following  way: 

(1)[079079070°],  (2)[0790790°/0°]  with 

bonded  PZT,  (3)[0°/907P/9070°],  and 
(4)[07907P/9070°]  with  bonded  PZT.  As 

shown  in  Figure  3,  the  interleaved 

CFRP/PVDF  laminate  ([07907P/9070’])  as 
well  as  [079079070°]  with  bonded  PZT 
remarkably  improved  vibration  damping  in 
comparison  with  conventional  CFRP 
laminates,  ([079079070°]). 

By  combining  the  interleaving  of  PVDF  films 
and  surface  bonded  PZT  ceramics 

([07907P/90700]  with  bonded  PZT),  the 
vibration  damping  of  CFRP  laminates  were 
furthermore  improved  for  the  higher  resonance 
modes.  The  loss  factor  values  of  cross -ply 
laminates  with  piezoelectric  polymer/ceramics 
were  higher  in  every  mode  of  vibration  than 
that  for  the  conventional  laminate. 

4.  CONCLUSIONS 

This  paper  examined  the  potential  of 
improving  the  vibration  damping  of  CFRP 


laminates  by  the  methods  using  interleaving  of 
visco-elastic  plastic  films  and  piezoelectric 
polymer  (PVDF)  film  interlayers,  and  surface 
bonded  piezoelectric  ceramics.  The  vibration 
damping  of  the  CFRP  beam  was  significantly 
improved  at  the  optimal  shunting  resistance, 
which  can  be  predicted  theoretically.  It  was 
shown  that  the  methods  discussed  here  could 
be  potentially  useful  for  designing  low 
vibration  structures  with  lightweight.  This 
type  of  beam  is  suitable  for  application  in 
structures  where  lightweight  and  improved 
vibration  damping  are  desired,  such  as  low- 
vibration  spacecraft  structures  [3], 


Figure  3  Loss  factor  vs.  resonance  mode 
for  various  damping  CFRP  beams 
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Abstract 

Recently,  shape  memory  polymer  as 
one  of  functional  materials  has  received 
much  attention  and  its  mechanical  properties 
have  been  investigated.  Shape  memory 
polymer  of  polyurethane  series  has  the  glass 
transition  temperature  (Tg)  around  the  room 
temperature.  Based  on  the  large  change  in 
modulus  of  elasticity  above  and  below  Tg, 
the  material  has  excellent  shape  memory 
property.  In  this  study,  for  the  wider  appli¬ 
cations  in  the  field  of  industry,  medical 
treatment,  welfare  and  daily  life,  the  glass 
fiber  reinforced  shape  memory  polymer  was 
developed.  The  specimens  with  different  li¬ 
ber  weight  fractions,  which  are  SMP  bulk, 
10wt%,  20wt%,  and  30wt%,  were  prepared, 
and  their  mechanical  properties  were  inves¬ 
tigated  experimentally.  Then,  the  influence 
of  fiber  weight  fraction  on  the  shape  mem¬ 
ory  polymer  was  evaluated.  It  was  found 
that  mechanical  properties  of  the  shape 
memory  polymer  based  composites  heavily 
depend  on  both  thermal  effects  and  the  fiber 
weight  fraction. 

Key  words  :  Shape  memory  polymer.  Fiber 
weight  fraction,  Mechanical  property 

INTRODUCTION 

Shape  memory  materials  have  re¬ 
ceived  much  attention  in  industries  and  the 
other  fields,  particularly  for  Shape  Memory 


Alloys  (SMAs)  that  are  a  group  of  metallic 
alloy  and  exhibit  a  shape  memory  effect.  On 
the  other  hand.  Shape  Memory  Polymers 
(SMPs)  are  a  group  of  functional  polymer 
that  also  has  a  shape  memory  effect,  i.e.,  a 
shape  memory  polymer  deformed  at  a  low 
temperature  will  regain  its  original  unde¬ 
formed  shape  when  heated  to  a  higher  tem¬ 
perature.  Compared  with  SMAs,  SMPs  have 
the  advantages,  such  as  lightweight,  large 
recovery  ability,  superior  processability  and 
lower  cost.  This  means  that  SMPs  may  also 
be  used  as  temperature  sensor  or  actuator. 

In  the  SMPs,  the  polyurethane  series 
has  following  advantages:  the  forming  proc¬ 
esses  for  other  thermoplastic  polymer  can 
still  be  used;  the  shape  recovery  temperature, 
i.e.  Tg,  can  be  set  at  any  value  within  ± 
50K  around  the  room  temperature;  there  ex¬ 
ist  the  large  differences  of  mechanical  prop¬ 
erties,  optical  property  and  water  vapor 
permeability  between  temperatures  above 
and  below  Tg.  Based  on  these  advantages, 
the  SMP  of  polyurethane  sries  will  have 
wider  applications  in  the  field  of  hdustry, 
medical  treatment,  welfare  and  daily  life. 
However,  since  the  strength  of  the  SMP  of 
the  polyurethane  bulk  is  low,  the  use  of  the 
materials  is  quite  limited. 

The  purpose  of  this  study  is  to  inves¬ 
tigate  the  influence  of  fiber  weight  fraction 
on  the  mechanical  properties  of  shape  mem¬ 
ory  polymer  based  composites.  The  materi¬ 
als  developed  here  were  the  glass  fiber  rein- 
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forced  SMP  of  the  polyurethane  series  with 
different  fiber  weight  fractions  and  thermo 
-mechanical  characteristics.  The  mechanical 
properties  of  the  GFR-SMP  composites  with 
different  fiber  weight  fractions  (SMP  bulk, 
10wt%,  20wt%,  30wt%)  were  evaluated  in 
static  tensile  test.  Then,  for  the  practical  use, 
cyclic  tests  were  performed  at  room  tem¬ 
perature  (Tg-20K)  and  the  mechanical  prop¬ 
erties  of  specimens  with  and/or  without 
thermal  treatment  after  cyclic  tests  were  also 
investigated. 

EXPERIMENTAL  WORK 

Fabrication  of  Specimens 

For  the  matrix  of  developed  materi¬ 
als,  two  series  of  polyurethane  SMPs  were 
used,  in  which  one  is  of  higher  elasticity 
(HE)  and  the  other  is  of  lower  elasticity  (LE) 
when  the  temperature  is  above  Tg.  For  both 
materials,  Tg  was  about  3 1 8K.  As  the  rein¬ 
forcement,  chopped  strand  glass  fibers  with 
fiber  length  of  3mm  were  used.  In  this 
manuscript,  the  results  of  HE- SMP  based 
composites  were  related. 

The  matrix  and  reinforcements  were 
compounded  by  the  twin  screw  extruder 
(LABOTEX-300,  produced  by  JAPAN 
STEEL  WORKS  Co.,  Ltd).  Cylinder  tem¬ 
perature  was  48 3 K  and  screw  rotation  was 
200rpm.  The  fiber  weight  fractions  were 
SMP  bulk,  10wt%,  20wt%  and  30wt%. 
Dumbbell  type  specimens  were  fabricated 
by  an  inline  screw  type  of  injection  molding 
machine  (Plaster  Ti-30F6,  produced  by 
TOYO  MACHINERY  and  METAL  Co., 
Ltd.)  after  enough  drying  of  compounded 
materials  at  353K.  The  fabricated  specimens 
are  non-weld.  The  processing  conditions  of 
cylinder  temperature,  the  mold  temperature 
was,  and  the  injection  speed  were  483K, 
303K  and  27.4  cmVsec,  respectively. 
Experimental  Procedure 

The  experimental  equipment  used  in 
this  study  was  an  Instoron  Universal  Testing 
Instrument  (Type  4466)  with  a  tempera¬ 
ture-controlled  chamber. 


Heating  or  cooling  of  specimens  was 
controlled  by  compressed  and  heated  or 
cooled  air.  The  temperature  was  measured 
by  a  thermocouple  near  the  specimen. 

Tensile  test 

The  static  tensile  test  was  performed 
in  the  temperature-controlled  chamber  with 
cross  head  speed  of  5mm/min.  Testing  tem¬ 
perature  was  298K(Tg-20K). 

The  strain  was  calculated  by  the  ra¬ 
tios  of  the  elongation  obtained  by  the  cross¬ 
head  displacement  to  the  span  length 
(60mm)  with  a  maximum  of  300%. 

Load  cycle  test 

The  load  cycle  test  was  performed  in 
temperature-controlled  chamber  between 
zero  and  a  fixed  stress  with  cross  head  speed 
of  5mm/min.  For  the  fixed  stress,  50%  value 
of  the  maximum  stress  determined  by  a  ten¬ 
sile  test  was  adopted.  In  order  to  investigate 
the  influence  of  cyclic  history  on  mechanical 
properties,  the  cyclic  loading  were  inter¬ 
rupted  at  20,  40  and  60  cycles  and  the 
specimen  was  removed,  and  then  kept  at 
338K  (Tg+20K)  for  1  hour  and  at  298K 
(Tg-20K)  for  1  hour  for  thermal  treatment. 
After  that,  a  tensile  test  was  performed  for 
each  specimen  As  a  comparison,  the  speci¬ 
mens  that  were  kept  at  298K  (Tg-20K)  for  2 
hours  after  cyclic  loading  were  prepared  and 
investigated. 

RESULTS  AND  DISCUSSIONS 
Tensile  property 

In  calculation  of  the  experimental 
data,  the  engineering  stress  and  strain  were 
used.  Figure  1  shows  the  stress-strain  curves 
for  the  HE  specimen. 
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Fig.l  Stress-strain  curves  of  the  specimens 
with  HE-SMP 
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When  the  temperature  was  at 
T=298K(Tg-20K),  the  10wt%,  20wt%  and 
30wt%  specimens  had  small  fracture  strain, 
while  the  bulk  specimen  was  of  a  upper 
yielding  point  and  could  not  fracture  within 
the  strain  range  of  300%.  A  yielding  phe¬ 
nomenon  for  these  specimens  was  observed 
due  to  occurrence  and  growth  of  local  neck¬ 
ing  during  testing. 

Figure  2  shows  the  relationship  be¬ 
tween  temperature  and  Young’s  modulus. 
Although  it  is  considered  that  more  tests 
near  Tg  were  necessary,  a  large  change 
above  and  below  Tg  for  Young’s  modulus 
was  thoroughly  observed.  A  key  point  for 
shape  memory  effects  of  SMPs  is  how  to 
utilize  and  control  the  above  variation. 


Fig.2  The  relationship  between  temperature 
and  Young’s  modulus 

According  to  the  results  of  the  static 
tensile  test,  it  was  evident  that  the  strength 
of  the  developed  composites  with  high  fiber 
weight  fraction  would  increase  greatly.  They 
are  of  high  Young’s  modulus  and  high  yield 
stress  at  low  temperature,  but  small  resis¬ 
tance  against  deformation  at  high  tempera¬ 
ture.  This  means  that  the  large  change  of 
Young’s  modulus  above  and  below  Tg  in 
the  developed  SMP  composites  will  exhibit 
shape  memory  effects. 

Load  cycle  property 

In  a  similar  way  to  the  tensile  test, 
the  engineering  stress  and  strain  were  used 
in  calculation  of  the  experimental  data.  Fig¬ 
ure  3  shows  flie  results  of  cyclic  test  inter¬ 
rupted  at  40  cycles  as  the  representative 
stress-strain  curves  of  the  HE  specimen 


Strain,  % 


FigJ  The  stress-strain  curves  of  specimens  with 
the  HE-SMP  interrupted  at  40  cycles 

The  HE  bulk  specimen  yielded  be¬ 
fore  the  cycle  number  reached  to  the  pre¬ 
scribed  number  of  cycles  (20,  40,  60  cycles) 
as  shown  in  Fig.7  (a).  In  Fig.7  (b),  10wt% 
specimen  indicated  large  residual  strain  at 
each  cycle  in  comparison  with  20wt%  and 
30wt%  specimens,  so  that  it  is  considered 
that  cyclic  behavior  with  10wt%  of  fiber 
weight  fraction  was  influenced  greatly  by 
matrix  resin.  However,  10wt%  specimen  re¬ 
sisted  to  60  cycles  and  this  indicated  that  the 
reinforcement  worked  well  for  the  im¬ 
provement  of  the  property  under  cyclic 
loading.  In  the  20wt%  and  30wt%  speci¬ 
mens,  although  the  residual  strain  had  about 
0.15%  at  the  first  cycle,  after  that  the  accu¬ 
mulative  strain  did  not  increase  at  each  cycle. 
In  the  tests  interrupted  at  60  cycles,  the  final 
residual  strain  in  20wt%  and  30wt%  speci¬ 
mens  was  only  about  0.5%. 

Figure  4  shows  stress-strain  curves 
of  the  HE  specimen  after  40  cycles. 


with  the  HE-SMP  after  cyclic  loading 
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The  HE  bulk  specimen  yielded  be¬ 
fore  number  of  cycles  reach  to  prescribed 
number  of  cycles  (20,  40,  60  cycles),  so  that 
the  stress-strain  curve  could  not  be  obtained. 
In  the  specimen  with  HE-SMP,  fracture 
strains  were  slightly  larger  than  those  in  ten¬ 
sile  tests  (Fig.2,  T=298K).  The  declines  of 
maximum  stress  from  the  specimens  without 
the  history  of  cyclic  loading  decreased  with 
the  increment  of  fiber  weight  fraction. 
Namely,  the  declines  of  maximum  stress  in¬ 
creased  with  the  increment  of  matrix  resin. 
Accordingly,  it  is  considered  that  HE-SMP 
has  low  resistance  to  the  cyclic  loading. 

Figure  5  shows  stress-strain  curves 
of  the  HE  specimen  after  40  cycles  and 
thermal  treatment. 


Fig.5  The  stress-strain  curves  of  the  HE 
specimen  after  cyclic  loading  and 
thermal  treatment 

As  a  result  of  thermal  treatment,  the 
maximum  stress  in  HE  specimens  with 
thermal  treatment  had  lower  values  than 
without  thermal  treatment.  However,  frac¬ 
ture  strains  remarkably  increased  in  all 
specimens.  These  results  were  also  con¬ 
firmed  in  the  case  of  the  specimens  after  20 
cycles  and  60  cycles  with  thermal  treatment. 
Fracture  strain  of  10wt%,  20wt%  and 
30wt%  specimen  after  cyclic  loading  were 


HE-SMP  after  cyclic  loading 


Fracture  strain  of  specimen  with 
thermal  treatment  indicated  higher  value  in 
comparison  to  specimens  without  thermal 
treatment  for  any  fiber  weight  fraction.  Al¬ 
though  the  maximum  stress  decreased  as  a 
result  of  thermal  treatment,  an  improvement 
of  resistance  to  cyclic  loading  due  to  rein¬ 
forcement  fiber  was  observed  and  the 
maximum  stress  increased  with  increment  of 
fiber  weight  fraction  in  the  HE  specimen.  As 
cited  that  large  recovery  ability  is  one  of 
advantages  for  shape  memory  polymer,  this 
means  that  a  certain  amount  of  permissible 
deformation  is  necessary.  Related  to  this 
characteristic,  the  increment  of  fracture 
strain  caused  by  thermal  treatment  will  be 
important  behavior. 

CONCLUSION 

In  this  study,  the  composites  based 
on  the  SMPs  were  developed  and  their  me¬ 
chanical  properties  and  shape  memory  de¬ 
fects  were  investigated  by  the  experimental 
approach.  The  results  obtained  are  remarked 
as  follows. 

The  developed  specimens  were  of 
high  tensile  strength  and  it  increased  with 
the  increment  of  fiber  weight  fraction. 

It  was  clear  that  the  improvement  of 
the  resistance  to  cyclic  loading  for  the  com¬ 
posites  with  HE-SMP  was  obtained  due  to 
reinforcement  fiber. 
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Abstract 

We  present  a  method  and  the  experimen¬ 
tal  results  of  estimating  two-dimensional 
AE  source  locations  with  2  sensors.  We 
constructed  a  CFRP  plate  of  composite 
material  with  embedded  PZT  sensors  for 
health  monitoring.  The  AE  source  loca¬ 
tions  in  the  composite  material  were  esti¬ 
mated  from  the  Lamb  Sq(Aq  mode  signals 
detected  by  the  PZT  sensors.  A  wavelet 
transformation  in  the  frequency-time  space 
provides  the  arrival  times  of  Sq/Aq  modes 
from  an  AE  source  location  without  be¬ 
ing  affected  by  noise.  Using  the  Sq/Aq 
arrival  times,  it  is  possible  to  reduce  the 
number  of  sensors  to  2  for  estimating  a 
two-dimensional  AE  source  location  in  a 
CFRP  plate.  Using  2  sensor  signals  with 
wavelet,  we  determined  the  source  location 
with  an  accuracy  of  1.9  cm. 

Key  Words:  CFRP,  composite  material, 
source  location,  wavelet 

Introduction 

Acoustic  Emission  (AE)  signal  has  been 
widely  used  for  source  location  and  moni¬ 
toring  of  a  damage  in  materials.  For  con¬ 
structing  a  health  monitoring  system  of 


materials  such  as  a  CFRP  plate,  sensors  to 
detect  AE  signals  are  mounted  on  or  em¬ 
bedded  into  a  plate.  We  have  constructed 
a  CFRP  plate  with  embedded  PZT  sensors 
(smart  CFRP  plate).  The  health  monitor¬ 
ing  plate  is  expected  to  be  applied  to  large 
scale  structures,  such  as  airplanes,  build¬ 
ings.  In  these  cases,  it  is  necessary  to  re¬ 
duce  the  number  of  sensors  for  the  sake  of 
the  sensor  signal  handling  and  saving  the 
costs  for  a  data  acquisition  system.  We 
have  developed  a  two-dimensional  source 
location  method  to  reduce  the  number  of 
sensors  [1].  We  applied  our  source  location 
method  on  the  smart  CFRP  plate.  In  this 
article,  we  report  the  results  of  the  source 
location  on  the  smart  CFRP  plate. 

Smart  CFRP  Plate 

We  constructed  a  prototype  of  smart  CFRP 
plate  as  illustrated  in  Fig.  1.  The  proto¬ 
type  consisted  of  a  cross-ply  ([0°/90°]2s) 
CFRP  plate,  a  polyimide  sheet  and  4  PZT 
sensors  (Fuji  Cera  Co.),  which  were  bonded 
with  epoxy  glue.  The  size  of  the  smart 
CFRP  plate  is  200  mm  x  145  mm  x  1.7  mm. 
On  the  polyimide  sheet,  4  sensors  were 
mounted  and  conducting  wires  were  printed 
in  order  to  carry  the  sensor  signals  out  to 
the  data  acquisition  equipment. 
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Figure  1:  An  illustration  of  a  prototype 
smart  CFRP  plate.  A  polyimide  sheet  is 
shown  as  light  shaded  area,  and  sensors 
are  shown  as  small  circles  on  the  sheet. 

Source  Location  on  the  CFRP  Plate 

We  apply  two  methods  to  the  smart  CFRP 
plate  for  estimating  two-dimensional  source 
location.  One  is  a  conventional  4-sensor 
method  by  using  the  arrival  time  of  S0 
mode  measured  by  4  sensors  [2,  3,  4],  The 
other  is  a  2-sensor  method  using  the  time 
difference  between  So/Ao  modes  measured 
by  2  sensors,  where  an  wavelet  transforma¬ 
tion  was  used  for  extracting  Ao/Sq  mode 
arrival  times.  In  Fig.  2,  we  show  the  coor¬ 
dinate  system,  the  sensor  positions  (filled 
circle)  and  the  generated  AE  source  lo¬ 
cations  (open  circle)  on  the  smart  CFRP 
plate.  An  AE  signal  was  simulated  by  an 
impact  caused  by  pressing  a  pencil  lead 
against  the  plate  until  it  broke.  For  check¬ 
ing  reproducibility,  we  repeated  to  gener¬ 
ate  an  AE  signal  three  times  at  each  posi¬ 
tion.  Figure  3  shows  a  typical  AE  signal 
detected  by  a  PZT  sensor  and  the  trans¬ 
lated  signal  by  wavelet  on  the  frequency¬ 
time  space,  where  the  vertical  axis  (K)  in 
Fig.  3  -b  corresponds  to  an  index  of  fre¬ 
quency  (/)  as  follows; 

2(i  ~Y)/4 


Figure  2:  Sensor  positions  and  AE  source 
locations  by  a  pencil  lead  break  are  shown 
as  filled  and  open  circles,  respectively,  on 
the  coordinate  system  of  the  smart  CFRP 
plate. 

The  outputs  of  the  sensor  signals  were  col¬ 
lected  by  a  LeCroy  LC334M  digital  oscillo¬ 
scope  at  a  sampling  time  (At)  of  0.04  //see. 

To  estimate  an  arrival  time  of  an  A0  mode, 
we  selected  the  wavelet  coefficients  at  150  kHz. 
An  arrival  time  of  an  So  mode  was  deter¬ 
mined  at  a  point  where  the  amplitude  ex¬ 
ceeds  a  threshold.  We  measured  the  ve¬ 
locities  of  S0  and  A0  modes  in  the  smart 
CFRP  plate.  The  velocities  were  calcu¬ 
lated  from  the  arrival  time  difference  be¬ 
tween  an  embedded  sensor  and  an  addi¬ 
tional  AE  sensor  placed  on  the  smart  CFRP 
plate,  which  are  shown  in  Fig.  4.  As  shown 
in  Fig.  4,  the  angular  dependences  of  the 
So/Ao  mode  velocities  were  parametrized 
by  functions  of: 

v s(0)  =  Si  +  s2  x  cos  40  T  s3  x  cos  80, 
Va{@)  =  Ol  +  a2  x  0) 

where  0  is  an  angle  with  respect  to  the  hor¬ 
izontal  axis  (X)  on  the  smart  CFRP  plate, 
and  ai,  a2,  Si,  s2  and  S3  are  parameters. 

4-sensor  S0  Method 

We  applied  a  conventional  source  location 
method  to  compare  accuracy  of  the  source 
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Figure  3:  a)  A  typical  AE  signal  detected 
by  a  PZT  sensor,  b)  the  translated  sig¬ 
nal  (wavelet  coefficients)  by  wavelet  on  the 
frequency-time  space,  where  the  vertical 
axis  corresponds  to  log2  (1 /frequency). 

location  estimations  with  our  2-sensor  re¬ 
sult  which  will  be  described  in  next  para¬ 
graph.  For  the  estimation,  we  used  the 
arrival  time  differences  of  So  modes  mea¬ 
sured  by  4  sensors.  We  define  the  average 
distance  between  the  estimated  and  the 
generated  AE  locations  as  accuracy  of  the 
source  location  estimation.  We  obtained 
an  accuracy  of  0.8  cm  with  the  conven¬ 
tional  method  using  4  sensor  Sq  signals. 

2-sensor  S0/AQ  Method 

To  reduce  the  number  of  sensors  to  2,  we 
used  the  arrival  time  (tA)  of  an  A0  mode  as 
well  as  that  (ts)  of  an  So  mode,  which  were 
measured  by  the  2  sensors  at  the  bottom 
of  Fig.  2.  A  wavelet  transformation  was 
used  for  determining  an  Aq  arrival  time. 
An  So  arrival  time  was  estimated  from  a 
time  up  to  a  point  where  an  output  sig¬ 
nal  exceeded  a  threshold,  or  at  the  first 
peak  of  a  wavelet  650  kHz  coefficient  dis¬ 
tribution.  In  this  analysis,  we  examined 
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Figure  4:  The  angular  dependences  of  the 
So  and  A0  mode  velocities  in  the  smart 
CFRP  plate  are  shown  with  symbols  of  tri¬ 
angle  and  square,  respectively.  The  lines 
represent  the  parametrized  functions  of 
vs (0)  and  vA{0). 


the  above  two  cases  for  the  source  loca¬ 
tion  estimations.  The  arrival  time  differ¬ 
ence  (Atj  =  ts  —  tA)  between  A0  and  So 
modes  measured  by  each  sensor  (i  =  1,2) 
was  used  to  estimate  the  source  location 
(x,y).  By  assuming  a  constant  uncertainty 
on  each  arrival  time  measurement,  we  si¬ 
multaneously  minimize  the  absolute  value 
of  variable: 


Lj  rs 

vSi{0 ) 


Lj-rs 

vAi(0) 


-A  U 


where  U  =  yj{x  -  Xi)2  +  {y  -  yi)2,  {xi>yi) 
is  the  position  of  each  sensor,  rs(=0.5  cm) 
is  a  radius  of  the  sensor,  vs{  {9)  and  vAi  (6) 
are  the  velocities  of  So  and  A0  modes,  re¬ 
spectively.  In  principle,  there  are  two  pos¬ 
sible  locations  to  minimize  the  above  vari¬ 
ables  simultaneously,  which  are  actually 
symmetric  with  respect  to  the  line  includ¬ 
ing  the  two  sensors.  One  of  the  two  lo¬ 
cations  is  eliminated  by  placing  the  sen¬ 
sors  at  each  corner  of  the  plate.  Using 
the  2-sensor  method,  we  obtained  accu¬ 
racy  as  1.9  cm  (2.0  cm)  by  using  a  thresh¬ 
old  (wavelet)  for  the  S0  arrival  time  de¬ 
termination.  Figure  5  shows  a  histogram 
of  the  average  distance  between  the  esti- 
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Figure  5:  a)  Histogram  of  the  average  dis¬ 
tance  between  the  estimated  and  the  gen¬ 
erated  AE  source  locations,  b)  The  aver¬ 
age  distance  at  each  generated  position. 

mated  and  the  generated  AE  source  loca¬ 
tions,  and  also  shows  that  at  each  position. 
We  can  see  no  position  dependence  of  ac¬ 
curacy.  The  accuracy  of  the  estimated  lo¬ 
cations  dominantly  depends  on  the  mea¬ 
sured  uncertainty  of  the  A0  arrival  times. 

Conclusions 

We  constructed  a  CFRP  plate  of  compos¬ 
ite  material  with  embedded  PZT  sensors 
for  health  monitoring  system.  Estimating 
AE  source  locations  on  the  smart  CFRP 
plate  was  performed  by  generating  an  AE 
signal  of  a  pencil  lead  break.  Using  the 
arrival  times  of  So  modes  measured  by  4 
sensors,  we  obtained  accuracy  of  0.8  cm 
for  the  estimated  locations.  To  reduce  the 
number  of  sensors,  we  placed  two  sensors 
on  each  corner  of  the  smart  CFRP  plate, 
and  used  the  arrival  time  difference  be¬ 
tween  S0  and  A0  modes.  The  arrival  times 
of  A0  modes  were  estimated  from  the  wavelet 
coefficient  distribution  at  150  kHz.  We 


obtained  accuracy  of  1.9  cm  (2.0  cm)  for 
the  estimated  locations  by  using  a  thresh¬ 
old  (a  wavelet  coefficient  distribution  at 
650  kHz)  for  the  So  arrival  time  estima¬ 
tions.  From  the  analysis  of  the  prototype 
smart  CFRP  plate,  we  found  that  it  is 
possible  to  estimate  two-dimensional  AE 
source  locations  with  2  sensors  on  the  smart 
CFRP  plate. 
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Abstract 

In  the  present  study,  an  electric 
resistance  change  method  is  adopted  for  the 
identifications  of  delamination  crack  location 
and  size  of  CFRP  laminates,  and  the 
identifications  of  delamination  cracks  is 
experimentally  investigated  by  using  cross 
ply  laminates.  Short  beam  shear  tests  to 
create  delamination  cracks  are  performed 
beam-type  specimens  with  multiple 
electrodes,  and  electric  resistance  changes 
due  to  the  delamination  creation  are 
measured.  Response  surfaces  to  estimate 
delamination  location  and  size  from  electric 
resistance  changes  are  constructed.  In  this 
method,  stacking  sequence  and  number  of 
electrodes  largely  affect  reliability  of 
identification  of  the  delamination  location 
and  size.  In  order  to  estimate  these  effects,  a 
large  number  of  experiments  are  performed 
using  three  kinds  of  specimens  that  have 
different  number  of  electrodes.  Two  types  of 
stacking  sequences  are  employed.  As  a  result, 
the  electric  resistance  change  method  can  be 
useful  for  structures  monitoring  of  laminate, 
and  five  numbers  of  electrodes  are  needed  for 
high  reliability. 

Key  Words:  Delamination,  Monitor, 


Electric  resistance,  Response  Surface. 

Introduction 

Laminated  composites  have  a  weak 
point  at  delamination  resistance.  The  low 
resistance  causes  a  delamination  crack  by  a 
slight  impact  such  as  a  tool  drop.  Since  the 
delamination-crack  creation  is  normally 
delicate  problem  for  a  visual  inspection,  the 
delamination  causes  low  reliability  for  a 
primary  structure  of  laminated  composites. 
Therefore,  a  health  monitoring  system  to 
detect  the  delamination  cracks  is  desired  for 
practical  laminated  composite  structures. 

In  the  present  study,  an  electric 
resistance  change  method  is  employed  to 
identify  internal  delaminations.  The  method 
does  not  require  expensive  instruments.  The 
electric-resistance  change  method  owing  to 
the  fiber  breakage  has  been  adopted  by 
several  researches. 

Authors  have  already  applied  the 
electric  resistance  change  method  to  detect 
an  internal  delamination  crack  in  the 
previous  paper  using  beam-type  specimens 
with  two  electrodes  [1],  FEM  analyses  were 
also  conducted  in  the  previous  studies  [2,3]. 
It  was  shown  in  the  paper  [2]  that 
identification  of  a  delamination  of  a  beam 
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type  specimen  (estimation  of  a  delamination 
location  and  size)  is  impossible  in  the  case 
that  the  only  a  pair  of  electric  resistance 
changes  are  measured  using  three  electrodes 
mounted  on  the  specimen  surface.  This  is 
caused  by  the  strong  orthotropic  electric 
resistance. 

In  the  present  study,  identifications 
of  internal  delaminations  (estimations  of 
delamination  size  and  location)  are 
experimentally  attempted  by  using 
beam-type  cross-ply  laminate  specimens. 
Two  kinds  of  the  number  of  electrodes  are 
investigated:  four  and  five.  For  the 
four-electrode  specimens,  two  types  of 
electrode  spacing  are  attempted.  An 
interlamina  shear  test  was  employed  to  create 
a  delamination  crack  in  the  specimen. 
Electric-resistance  changes  between 
electrodes  were  measured  using  a 
conventional  strain-gage  amplifier.  Response 
surface  methodology  is  employed  as  a 
convenient  tool  to  solve  inverse  problems  to 
obtain  delamination  location  and  size  from 
electric  resistance  changes. 

Specimens  and  experimental  procedures 
Specimens 

Material  used  in  the  present  paper  is 
unidirectional  graphite/epoxy  prepreg.  The 
type  of  the  unidirectional  prepreg  sheet  is 
A125-Rc33%  produced  by  Shin-Nihon  Steel 
Chemistry  Co..  The  stacking  sequences  are 
[02/902)s  and  [(0/90)2]s.  The  thickness  is 
approximately  t=lmm.  Cure  condition  is 
180°CxlMpax2hr  .  In  order  to  measure 
electric-resistance  changes  using  a  two-probe 
method,  reliable  electrodes  are  indispensable. 
In  order  to  produce  reliable  electrodes, 
rectangle  copper  foil  of  0.02mm  thickness  is 
mounted  on  the  prepreg  laminates,  and  these 
electrodes  are  co-cured  with  the  laminate. 
Three  types  of  beam  specimens  of  the  width 
15mm  are  made  from  the  laminated  plates. 

In  order  to  examine  the  effect  of 
number  of  electrodes  and  size  of  spacing 
between  electrodes,  three  types  of  beam 


(b)  4  -electrode  (135mm) 
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Fig.  1.  Specimen  configurations 

specimens  were  prepared.  These  specimen 
configurations  are  shown  in  Fig.  1.  For  each 
type  of  the  specimen,  multiple  electrodes  are 
mounted  on  a  single  surface  of  the  specimen 
in  the  present  study.  The  reason  of 
placements  of  all  electrodes  on  the  same 
surface  is  to  simulate  of  identifications  of  an 
invisible  internal  delamination  crack  by 
mounting  electrodes  just  on  the  inner  surface 
of  shell-type  structure  like  aircrafts.  For  these 
types,  stacking  sequence  is  [02/902]s  .  Type  A 
specimen  has  four  electrodes  of  spacing  of 
60mm,  and  the  length  is  180mm.  Type  B 
specimen  has  four  electrodes  of  spacing 
45mm,  and  the  length  is  135mm.  Type  C 
specimen  has  five  electrodes  of  spacing  of 
45mm,  and  the  length  is  180mm.  In  order  to 
investigate  the  effect  of  stacking  sequence, 
type  C  specimen  is  adopted.  Two  types  of 
stacking  sequences  were  produced  for  the 
type  C  specimens. 

Electric  circuit 

Since  electric-resistance  change  due  to  a 
delamination  crack  creation  is  very  small,  the 
electric-resistance  change  is  measured  with  a 
conventional  electric  resistance  bridge  circuit. 
Conventional  strain-gage  amplifiers  are 
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adopted  for  measurements  of  electric 
resistance  change  of  the  specimens. 

Experimental  method 

In  order  to  create  a  delamination 
crack  in  each  beam-type  specimen,  an 
interlamina  shear  test  is  employed.  The 
middle  point  is  loaded  from  the  opposite  side 
where  the  electrodes  are  mounted.  This  is  to 
simulate  the  placements  of  electrodes  inside 
of  the  structures  and  the  impact  load  that 
creates  a  delamination  comes  from  the 
outside.  Since  the  specimen  is  a  thin  laminate, 
the  loading  creates  a  large  delamination 
crack  in  the  0°-90°  interface  near  the 
electrodes. 

After  creating  a  delamination  crack, 
electric-resistance  changes  of  all  segments 
between  electrodes  were  measured  using  a 
conventional  strain  amplifier.  Delamination 
location  and  size  were  measured  using  an 
ultrasonic  C-scan  image.  The  delamination 
location  is  decided  at  the  center  point  of  the 
delamination  crack  from  the  specimen  end. 

Response  surfaces  to  estimate 
delamination  location  and  size  are  created 
from  the  measured  data. 

Experimental  results  and  discussion 

The  estimation  results  of 
delamination  locations  of  the  all  type  are 
shown  in  Fig  2.  Figure  2  (a)  shows  the  results 
of  the  type  A  specimens.  Figure  2  (b)  shows 
the  results  of  type  B  specimens.  Figure  2  (c) 
shows  the  results  of  the  type  C.  For  all  figures, 
the  ordinates  are  the  estimated  delamination 
locations  and  the  abscissas  are  the  measured 
delamination  locations.  Symbols  placed  on 
the  diagonal  lines  mean  that  the  response 
surfaces  provide  exact  estimations. 

All  of  these  figures  imply  that  the 
performances  for  the  estimations  of 
delamination  locations  are  improved  as  the 
increase  of  the  number  of  electrodes.  For  the 
cases  of  type  A  and  (four-electrode),  the 
response  surfaces  give  relatively  poor 
performances.  When  the  number  of 


electrodes  is  larger  than  four.  The 
estimations  of  the  response  surfaces  become 
excellent. 

Effect  of  the  size  of  spacing 
between  electrodes  is  shown  in  the  results  of 
type  A  and  B.  The  type  A  is  the 
wide-spacing-four-electrode  type  specimen 
(60mm),  and  the  type  B  is 


Measured  location,  mm 

(a)  Type  A 


Measured  location,  mm 


(b)  Type  B 


Measured  location,  mm 
(C)  Type  C 


Fie.2  Estimation  of  delamination 
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Fig.3  Estimated  results  of  delamination 
narrow-spacing-four-electrode  type 

specimens  (45mm).  Comparing  the  results  of 
type  A  with  the  results  of  type  B,  it  is 
clarified  that  there  is  little  difference  in  the 
performance  of  estimations.  Narrow  spacing 
does  not  cause  the  increase  of  the 
performance  of  estimations.  At  least,  this 
tells  that  the  spacing  of  electrodes  is  not  so 
significant  comparing  to  the  effect  of  number 
of  electrodes. 

For  the  estimations  of  delamination 
sizes,  the  estimations  are  very  good  for  all 
types  of  the  specimens.  As  a  typical  example, 
the  case  of  type  C  is  shown  in  Fig  3.  In  this 
figure,  the  abscissa  is  a  measured 
delamination  size  with  ultrasonic  C-scan 


Fig.  4  Typical  results  of  the  effect  of 
stacking  sequences 


image,  and  the  ordinate  is  the  estimated 
results  of  a  response  surface.  The  result 
shows  that  the  estimation  of  size  is  not  so 
difficult  problem. 

Using  the  type  C  specimens,  two 
types  of  stacking  sequences  are  adopted. 
Typical  result  of  the  measured  electric 
resistance  change  ratio  is  shown  in  Fig.4.  The 
abscissa  is  the  segment  number  and  the 
ordinate  is  the  measured  electric  resistance 
change  ration  of  the  both  type  of  stacking 
sequences  that  have  similar  delamination 
crack.  As  shown  in  this  figure,  measured 
results  of  [(0/90)2]s  is  smaller  than  that  of 
[02/902]s.  This  is  caused  by  the  delamination 
location  in  the  thickness  direction.  For  the 
laminates  of  [(0/90)2]s,  the  delamination 
crack  locates  farer  from  the  surface  than  the 
laminates  of  [02/902]s.  The  smaller  electric 
resistance  change  causes  smaller  estimation 
reliability  for  the  laminates  of  [(0/90)2]s. 

Conclusions 

(1)  In  order  to  obtain  practically  allowable 
performance  of  identifications,  at  least  five 
electrodes  are  required.  Number  of 
electrodes  has  more  significant  effect  on  the 
identifications  than  the  spacing  of  electrodes. 

(2)  Electric-resistance  changes  due  to  a 
delamination  creation  can  be  measured  with 
multiple  co-cured  electrodes  mounted  on  the 
single  surface  of  a  beam  type  specimen. 

(3)  Difference  of  the  stacking  sequences 
cause  the  difference  of  delamination  location 
in  the  thickness  direction.  When  the 
delamination  crack  is  created  far  from  the 
electrodes,  measured  electric  resistance 
change  ratios  become  smaller. 
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Abstract 

Strain  monitoring  for  composite 
materials  in-service  is  quite  effective  to 
improve  structural  reliability  of  composite 
materials.  Recently,  it  is  demanded  to 
monitor  strain  of  tire  structure  in  service. 
Since  conventional  strain  gages  have  high 
stiffness  and  require  lead  wires,  the 
conventional  strain  gages  are  cumbersome 
for  the  strain  measurement  of  the  tires.  Since 
tires  themselves  are  not  expensive,  expensive 
sensors  such  as  MEMS  are  economically  not 
affordable.  That  requires  a  new  low  cost 
wireless  sensor  for  tires. 

In  the  present  study,  impedance 
change  of  composite  materials  due  to  the 
deformation  by  applied  strain  is  measured, 
and  the  impedance  change  is  utilized  for  the 
frequency  generator.  By  measuring  the  radio 
wave  change,  the  strain  of  the  composites  can 
be  measured  wirelessly.  Since  the  method 
demands  simple  oscillator  circuits,  the  total 
cost  of  the  sensor  is  very  inexpensive,  and  the 
circuits  themselves  can  be  made  compactly. 

In  the  present  study,  the  specification 
of  the  method  is  discussed  in  detail,  and  the 
basic  trial  experiments  of  the  method  are 
conduced  using  tire  specimens  cut  from  a  tire. 
Steel  wires  of  tire  are  selected  as  electrodes 
and  impedance  changes  due  to  the  applied 
strain  are  directly  measured.  As  a  result,  it  is 


found  that  the  electrodes  are  stable  enough 
for  using  to  an  oscillator.  Using  a  frequency 
generator  circuit  and  a  tuned  circuit,  the 
impedance  change  is  wirelessly  measured. 
Finally,  the  strain  is  wirelessly  monitored. 

Key  Words:  Strain  Monitoring,  Wireless 
Monitoring,  Impedance  Change 

Introduction 

Strain  Monitoring  in-service  for 
rotary  machines  such  as  helicopter  rotors, 
pumps  and  tires  is  a  very  important 
technology  to  improve  reliability  for  actual 
structures  and  to  improve  design 
technologies  of  these  structures.  Recently, 
MicroElectroMechanical  System  (MEMS) 
are  attracting  remarks  for  these  monitoring. 
Sensors  of  MEMS  employ  processing 
technologies  developed  for  LSI  to  produce 
small  size  intelligent  sensors  with  data 
processing  unit.  These  sensors  have  been 
applied  to  monitor  composite  structures  [1-4]. 
MEMS  has,  however,  a  high  stiffness 
substrate  made  of  silicon  crystal,  and  it  has 
high  stiffness.  It  may  cause  difficulty  to 
measure  strain  of  flexible  structures  like 
rubber  or  plastics  and  a  problem  of 
debonding  from  structures  due  to  large 
difference  of  thermal  expansion  coefficient. 
A  new  wireless  sensor  that  has  low  stiffness 
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and  is  low  cost,  therefore,  is  required 
especially  for  monitoring  tire  strain. 

For  the  wireless  monitoring,  a  sensor 
that  utilizes  electric  capacitance  change  is  the 
easiest  way  to  use  because  the  electric 
capacitance  change  can  be  easily  transferred 
to  frequency  change  of  an  oscillator  circuit. 
This  type  of  the  sensor,  however,  has  a  weak 
point  of  stable  electric  capacitance.  If  users 
of  the  electric-capacitance-change-sensor 
mount  it  with  polymer  adhesive,  the  adhesive 
induces  the  electric  capacitance  change. 
Other  slight  things  could  have  effect  on  the 
capacitance  change. 

In  the  present  study,  therefore,  a 
composite  material  itself  that  comprises 
electric  conductive  wires  and  electric 
insulated  matrix  is  selected  as  an  electric- 
capacitance-change-sensor  to  measure  the 
strain  of  the  composite  material.  Since 
alternating  electric  current  flows  inside  the 
composite  material,  adhesive  or  other  things 
do  not  affect  the  electric  capacitance  change, 
and  it  may  provide  stable  electric 
capacitance. 

The  present  study  shows  the  concept 
of  the  novel  method  to  measure  the  strain  of 
the  composite  structure  made  from  electric 
conductive  wires  and  electric  insulated 
matrix.  The  method  is  applied  to  monitor  the 
static  strain  of  a  specimen  cut  from  a  steel 
radial  tire.  The  steel  wire  is  adopted  as 
electrodes  to  charge  the  alternating  current 
into  the  specimen.  Using  a  material  testing 
machine,  tension  load  is  applied  to  the 
specimen,  and  the  strain  is  measured  by  the 
new  method  and  a  conventional  strain  gage. 
Conventional  analog  oscillator  circuit  is 
employed  to  transmit  strain  data  by 
converting  it  into  frequency  change  of 
alternating  current.  Since  the  new  method 
does  not  require  expensive  equipment,  the 
total  cost  of  the  system  is  significantly  low. 

Scheme  of  Wireless  Strain  Monitoring 
System 

The  schematic  illustration  of  the  new 


strain  monitoring  system  for  flexible 
composite  materials  is  shown  in  Figure  1. 
The  electric  capacitance  of  the  material 
changes  due  to  deformation  of  the  composite 
structure  because  spacing  between  electric 
conductive  fibers  changes  due  to  the 
deformation  of  the  composite  materials. 

In  order  to  transmit  the  electric 
capacitance  change  wirelessly,  an  oscillator 
is  employed.  The  composite  structure  itself 
has  electric  capacitance,  and  it  is  connected 
to  the  oscillator  circuit  as  a  condenser  that 
affects  frequency  of  the  alternating  current  of 
the  oscillator  circuit.  The  electric  capacitance 
change  of  the  specimen  causes  the  frequency 
change  of  the  oscillation  circuit.  By 
measurements  of  the  frequency  change  of  the 
oscillation  circuit  with  the  wireless  receiver, 
we  can  measure  the  applied  strain  of  the 
specimen  wirelessly. 


Oscillator  Receiver 


Fig.l  Schematic  illustration  of  wireless 
Strain  monitoring  system 

Strain  Measurement  by  Impedance 
Change 

Specimen 

The  configuration  of  the  specimen  is  shown 
in  Figure  2.  The  specimen  is  a  commercially 
available  steel  radial  tire  that  has  polyester 
fiber  carcass.  A  rectangular  specimen  (the 
length  is  250mm,  width  is  32mm  and 
thickness  is  5mm)  is  cut  from  the  tire. 

In  order  to  utilize  the  electric 
capacitance  change  by  deformation  to 
oscillation  circuit,  the  steel  wires  of  the  tire 
specimen  itself  are  employed  as  electrodes. 
Since  the  specimen  is  completely  covered 
with  rubber,  the  surface  rubber  of  the  two 
parts  of  the  specimen  removed  by  grinding 
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the  surface,  and  the  lead  wires  are  connected 
directly  to  the  steel  wires  with  conventional 
solder.  The  spacing  between  the  electrodes  is 
approximately  50mm  and  set  to  the  center  of 
the  specimen. 


Fig.2  Specimen  Configuration 

Experimental  Apparatus 
The  oscillator  circuit  is  employed  in  this 
study  to  produce  high  frequency.  This  circuit 
may  produce  a  signal  that  can  oscillate  within 
from  20MHz  to  30MHz.  In  this  circuit,  the 
specimen  is  integrated  as  one  of  the  serially 
connected  condensers.  The  distance  between 
electrodes  changes  with  the  applied  strain 
causes  capacitance  change.  The  frequency  of 
the  oscillation  circuit  changes  with  the 
applied  strain. 

A  tensile  material  testing  machine  is 
used  to  apply  strain  to  the  specimen  and  a 
strain  gage  is  mounted  on  the  surface  of  the 
specimen  to  measure  the  strain.  In  order  to 
keep  insulation  between  the  specimen  and 
the  testing  machine,  two  sheets  of  silicon 
sheet  are  inserted  between  the  specimen  and 
the  jig. 

The  oscillating  frequency  can  be 
calculated  by  the  formula  as  follows. 

f - _ ! — 

2xJlC 

where  /  is  oscillating  frequency,  L  is  the 
inductance  constant,  C  is  the  electric 
capacitance  of  the  specimen.  When  the 
specimen  deforms,  the  frequency  /  changes 
because  the  capacitance  C  changes  as  the 
specimen  deforms.  The  initial  capacitance  of 
the  tire  specimen  is  20pF  approximately. 


Method 

Tensile  tests  were  performed  to  apply  tensile 
deformation  to  the  specimen.  During  the  tests, 
electric  current  frequency  of  the  oscillator 
circuit  is  measured.  The  specimen  is 
elongated  up  to  2mm  by  displacement 
between  the  jigs  at  the  crosshead  speed  of 
0.5mm/min.  The  output  wave  was  measured 
by  using  a  digital  oscilloscope  at  the 
sampling  speed  of  lOOMS/s.  The  frequency 
of  the  oscillator  circuit  is  determined  by 
using  FFT  analysis  with  100  times  averaging. 
The  measurements  were  performed  at  the  six 
stages  of  the  tensile  tests;  0mm,  0.1mm, 
0.5mm,  1.0mm,  1.5mm  and  2.0mm  of  the 
displacement  between  the  jigs. 

Results  and  Discussion 
In  the  present  study,  the  initial  oscillation 
frequency  is  approximately  set  to  26.5MHz. 
The  typical  waveform  is  shown  in  Figure  3. 
The  resolution  of  FFT  is  2kHz,  and  it  is 
judged  to  be  enough  for  measuring  frequency 
changes. 

The  measured  frequency  change  with 
strain  change  is  shown  in  Figure  4.  In  this 
figure,  the  abscissa  is  the  measured  strain  and 
the  ordinate  is  the  measured  frequencies. 
This  figure  shows  that  the  measured 
frequencies  decrease  as  the  increase  of 
measured  strain  of  the  specimen.  Although 
there  is  a  hysteresis  loop  between  loading 
and  unloading,  this  error  is  supposed  to  the 
strain  measurement  mounted  on  only  one 
side. 


Fig.3  Typical  example  of  acquired 
waveforms 
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Fig.4  Frequency  change  with  applied 
strain 
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Fig.6  Frequency  change  with  applied 
strain 


Wireless  Monitoring 

Experimental  Apparatus 
A  wireless  strain  measurement  system  is 
shown  in  Figure  5.  In  this  system,  the 
oscillating  signal  transmitted  from  an 
antenna  can  be  received  in  another  circuit 
including  a  tuned  circuit.  The  specimen  and 
the  tensile  tests  are  the  same  as  the  cases  of 
the  previous  wired  measurements.  The  only 
difference  is  that  the  wireless  method 
requires  an  adjustment  of  receiving 
frequency  by  changing  the  capacitance  of  the 
variable  condenser  integrated  in  the  tuned 
circuit. 

Results  and  Discussion 
The  frequency  change  with  the  increase  or 
the  decrease  of  the  strain  change  is  shown  in 
Figure  6.  This  is  quite  the  same  as  Figure  4. 
This  shows  that  the  new  system  is  quite 
effective  for  the  wireless  strain  monitoring. 


Fig.5  Experimental  apparatus 


Conclusions 

As  a  low-cost  method  of  strain 
monitoring  for  flexible  composite  materials, 
a  new  method  was  proposed  and 
experimentally  confirmed  using  specimens 
cut  from  the  commercially  available  tires. 
The  new  strain  measurement  method 
employs  the  oscillator  circuit  to  transmit  the 
electric  capacitance  change  of  the  specimens. 
Electrodes  were  directly  mounted  to  the  steel 
wires  of  the  specimens,  and  the  strain 
measurements  were  performed.  As  a  result, 
this  method  successfully  provides  wireless 
monitoring  of  the  tire  structure  with  a  simple 
electric  circuit  at  very  low  cost. 
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Abstract 

Internal  conducting  network,  which  is 
constructed  by  contacts  between  conductive 
carbon  fibers,  is  very  important  to  predict 
resistance  change  in  CFRP  due  to  mechanical 
damage.  However,  this  conducting  network 
depends  on  the  average  incline  angle  of 
fibers,  thus  electrical  conductivity  of 
unidirectional  CFRP  shows  strong  anisotro¬ 
py  characteristics.  In  this  study,  we  propose  a 
new  methodology  to  determine  internal 
conducting  network  considering  the 
anisotropy  of  electrical  conductivity.  For  this 
purpose,  we  investigate  experimentally  the 
anisotropy  characteristics  of  electrical 
conductivity  in  CFRP  and  apply  the  DC 
circuit  theory,  such  as  Kirchhoff’ s  rule,  to 
determine  the  number  of  contact  points.  We 
generate  the  characteristic  curve  for 
unidirectional  CFRP  and  introduce  the 
Monte  Carlo  simulation.  By  comparing  the 
simulated  and  experimental  results,  the 
internal  conducting  network  and  the  contact 
points  density  were  estimated  quantitatively. 

Key  Words:  Electrical  Conductivity, 


Kirchhoff’ s  Rule,  Anisotropy 

Introduction 

As  shown  by  previous  studies1'3,  the 
mechanical  damage  in  CFRP  composites  can 
be  monitored  by  measuring  the  resistance 
change  of  CFRP  under  service  condition. 
This  useful  property  can  be  well  described 
analytically  by  Eq.(l),  which  is  composed  by 
introducing  the  linear  relationship  between 
strain  and  resistance  of  conductive  wires  and 
the  Weibull-Poisson  statistics  for  breakage  of 
fiber  under  mechanical  loading4. 

AR/R0  =  (1 +ae)/[-(6tcILJ(Ej€l  ajm]  - 1  (1) 

where  a  :  gage  factor  of  carbon  fiber,  e  : 
applied  strain,  Ef  :  Young’s  modulus  of 
carbon  fiber,  a0  and  m  :  the  scale  and  shape 
parameters  of  Weibull  distribution,  dec  : 
electrical  ineffective  length.  Especially,  dec, 
which  means  the  average  value  of  distance 
between  adjacent  contact  points  between 
conductive  wires,  is  a  very  important 
parameter  in  predicting  resistance  change 
behavior,  and  indicates  that  contact  situation 


67 


and  its  resulting  internal  conducting  network 
governs  electromechanical  characteristics  of 


CFRP. 


In  present  study,  the  electrical 
conductive  internal  network  of  CFRP 
composite  is  investigated  using  experimental 
and  analytical  methods.  For  this  purpose,  the 
anisotropy  characteristic  of  electrical 
conductivity,  which  is  originated  from  the 
internal  contact  between  carbon  fibers,  is 
determined  experimentally.  Based  on  the 
experimental  anisotropy  curve,  the  contact 
point  distribution  is  determined  statistically 
by  Monte  Carlo  simulation. 

Determination  of  Anisotropy  Curve 

Considering  the  ideal  alignment  of 
carbon  fibers,  it  is  impossible  for 
unidirectional  CFRP  have  the  conducting 
path  across  the  fiber  direction.  However,  in 
real  situation,  the  conductive  carbon  fibers 
are  inclined  by  some  degrees  and  contacts 
between  fibers  exist.  Anisotropy 
characteristic  in  the  electrical  conductivity  of 
unidirectional  CFRP  is  due  to  the  these 
contact  points5.  Therefore,  through  the 
investigation  of  this  anisotropy  characteristic, 
the  internal  contact  situation  can  be  estimated 
quantitatively. 


Experimental  Procedure 
A  square  type  of  specimen  (80mm  x  80mm  x 
1mm)  was  manufactured  using  T700S/2500 
prepreg  with  60%  volume  fraction.  Table  1 
shows  the  material  properties  of  T700S 
carbon  fiber.  To  measure  the  electrical  resist- 


Fig.l  Schematic  showing  the  template 
used  for  resistance  measurement 


ance  under  the  same  condition  at  each 
measurement  position,  a  template  as  shown 
in  Fig.l  was  adopted.  For  electrode, 
electrically  conductive  silver  paste  was  used. 
Resistance  measurement  was  conducted  for 
the  various  angles  and  electrode  distances. 

Table  1  Material  properties  of  T700S 


Gage  factor  Resistivity  Young’s  modulus 
(  a )  (  p,  pQm )  ( Ej,  GPa  ) 

5.14  16.2  230 


Experimental  results 

The  measurement  results  are  shown  in  Fig.2. 
The  resistance  changes  according  to  the 
increase  of  the  angle,  which  is  due  to  the  fact 
that  conducting  path  depends  only  on  the 
fiber  contact  points.  Because  the  resistance 
value  shows  linear  dependence  on  the 
electrode  distance,  the  measurement  results 
of  different  electrode  distances  can  be 
integrated  by  the  resistance  per  unit  length. 
Figure  3  shows  the  resulting  integrated  curve 


Fig.  2  Resistance  measurement  results 


Fig.3  Anisotropy  characteristic  curve  for 
CFRP  (T700S/2500,  Vf  =60%) 
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and  we  named  it  the  anisotropy  characteristic 
curve  for  electrical  conductivity  of  CFRP 
composites.  This  anisotropy  curve  provides 
the  key  information  to  evaluate  the  internal 
conducting  network.  Based  on  this 
anisotropy  characteristic  curve,  the 
numerical  analysis  results  are  used  to 
estimate  the  distribution  of  contact  points 
quantitatively.  This  is  the  first  main  result  of 
this  research. 

Numerical  Analysis 

Numerical  analysis  of  the  present 
study  consists  of  two  parts.  One  is  the 
electrical  circuit  analysis  by  Kirchhoff’s  rule6 
and  the  other  is  the  Monte  Carlo  simulation 
for  determination  of  contact  points  using 
random  number  generator.  As  shown  in  Fig.4, 
the  unidirectional  CFRP  was  modeled  as  DC 
circuit  network  of  conductive  wires  with  the 
nodes  and  the  randomly  distributed  contact 
resistance.  We  applied  the  Kirchhoff’s  rule  to 
this  model  as  shown  in  Fig.5,  and  the  value  of 
voltage  at  each  node  can  be  expressed  as 
Eq.(2). 

+  (yHifVJIRw+QrufVrfXiu  =  0  w 

The  contact  points  assigned  randomly  by 
Monte  Carlo  simulation.  At  first,  we 
determined  the  position  of  contact  points  and 
the  value  of  2.2kQ  was  assigned  as  Rc.  For 
the  case  of  nonexistence  of  contact  point 
between  two  nodes,  the  unrealistic  large 
value  of  Rc  (  =  °o)  was  used  to  represent  the 
nonconductive  state.  The  specific  voltage 
values  were  calculated  by  Successive  Over 
Relaxation  (SOR)  method7  as  shown  in 
Eq.(3). 

ViJ(new)=ViJ(initial)+(0  (^(calculated)  ~  V ijfinitial '))  (3) 

where  co  is  the  acceleration  factor  for 
convergence  and  we  used  the  value  of  1.8. 
Figure  6  is  the  calculated  results  and  the 
tendency  of  the  resistance  change  for  the 


variation  of  angle  is  very  similar  to  the 
experimental  results. 


Fig.4  CFRP  electrical  model  for  numerical 
analysis 


V :  voltage 

Rf :  resistance  of  carbon  fiber 
Rc :  contact  resistance 

Fig.5  Characterization  of  CFRP  for 
application  of  KirchhofFs  rule 

Determination  of  Internal  Contact 

Comparison  between  Numerical  and 
Experimental  Results 

To  determine  the  internal  contact  situation, 
the  calculated  results  were  compared  to  the 
experimental  anisotropy  curve.  However,  as 
shown  in  Figs.3  and  6,  considerable  differ¬ 
ence  exists  between  two  results.  This 
difference  is  due  to  the  difference  in  the 
specimen  size  between  numerical  and 
experimental  works  and  it  is  very  time 
consuming  work  to  obtain  the  numerical 
solution  of  the  same  size  of  composite  to  the 
specimen.  Therefore,  we  introduce  a  new 
normalization  parameter  defined  by  Eq.(4). 

Rn  =  Re/R90  (4) 
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Fig.6  Monte  Carlo  simulation  results  for 
various  contact  ratio 

where  R90  and  Re  are  the  resistance  at  90°  and 
0.  Figure  7  shows  the  comparison  results 
using  Eq.(4).  The  anisotropy  tendency 
becomes  weaker  along  with  the  increase  of 
contact  ratio,  and  this  is  due  to  the  increase  of 
the  conducting  path  generated  by  contact 
points  in  the  transverse  direction  of 
conductive  wires.  At  the  contact  ratio  0.1,  the 
numerical  and  the  experimental  results  shows 
good  agreement,  thus  the  internal  contact 
situation  of  unidirectional  CFRP  with 
volume  fraction  of  60%  can  be  characterized 
by  this  level  of  contact  ratio.  This  is  the 
second  main  result  of  this  research. 

Conclusion 


Anisotropy  characteristic  of  electrical 
conductivity  in  CFRP  composites  was 
studied  experimentally  and  numerically.  It  is 


Fig.  7  Comparison  between  experimental 
and  simulated  anisotropy  curve 


shown  that  the  anisotropy  curve  which  is 
obtained  experimentally  can  be  used  as 
important  information  to  evaluate  the  internal 
contact  situation.  In  the  present  study,  DC 
circuit  analysis  theory,  such  as  Kirchhoff’s 
rule,  and  Monte  Carlo  simulation  technique 
were  integrated  to  generate  the  anisotropy 
curve  numerically.  The  internal  electrically 
conducting  network  was  estimated 
quantitatively  by  comparing  the  experiment¬ 
al  anisotropy  curve  to  the  numerical  results. 
At  contact  ratio  of  0.1,  two  results  showed 
the  best  coincidence,  thus  the  internal  contact 
situation  of  unidirectional  CFRP  with 
volume  fraction  of  60%  can  be  characterized 
by  that  value. 

Acknowledgment 

The  present  research  was  conducted  as  a  part 
of  the  ‘R  &  D  for  Smart  Material/Structure 
System’  project  within  the  Academic 
Institutions  Centered  Program  supported  by 
NEDO  (New  Energy  and  Industrial 
Technology  Development  Organization), 
Japan. 

References 

1.  Schulte  K,  Baron  Ch.:  Composite  Science 
and  Technology,  36,  63  (1989). 

2.  Muto  N,  Yanagida  H,  Nakatsuji  T,  Sugita 
M,  and  Ohtsuka  Y.:  J.  Am.  Ceram.  Soc.,  76, 
875  (1992). 

3.  Abry  JC,  Bochard  S,  Chateauminois  A, 
Salvia  M,  and  Giraud  G.:  Composite  Science 
and  Technology,  59, 925  (1999). 

4.  Park  JB,  Okabe  T,  Takeda  N,  and  Curtin 
WA.:  Composites,  accepted  for  publication 

5.  Carmona  F  and  El  Amarti  A.:  Physical 
Review  B,  35(7),  3284  (1987). 

6.  Brophy  JJ.:  “ Basic  Electronics  for  Scienti¬ 
sts McGraw-Hill,  pp.  9-20. 

7.  Press  WH,  Flannery  BP,  Teukolsky  SA, 
Vetterling  WT.:  “ Numerical  Recipes  in  C”, 
Cambridge  University  Press  (1993). 


70 


Proceedings  of  7lh  Japan  International  SAMPE 
Symposium  $  Exhibition,  Nov.  13-16,  200 1 


Smart  Detection  of  Damage  of  Composite  Structures 
using  Unsupervised  Statistical  Diagnosis 


Atsushi  Iwasaki*1,  Akira  Todoroki*2,  Yoshinobu  Shimamura*2,  Hideo  Kobayashi*2 


#1:  Graduate  student  of  Tokyo  Institute  of  Technology, 
2-12-1,  O-okayama,  Meguro-ku,  Tokyo  152-8552,  Japan 
E-mail:  aiwasaki@ginza.  mes.titech.ac.jp 
#2:  Mechano-aerospace  Engineering,  Tokyo  Institute  of  Technology 


Abstract 

Smart  structures  for  health 
monitoring  are  a  noticeable  technology  for 
civil  structures.  Most  of  the  structural  health 
monitoring  systems  adopts  parametric 
method  based  on  modeling  or  non-parametric 
method  such  as  artificial  neural  networks. 
The  former  method  requires  modeling  of 
each  structures  and  latter  method  requires 
data  for  the  training.  And  these  modeling  and 
data  for  the  training  demands  much  costs.  By 
the  present  method,  damages  are  detected  by 
judging  statistical  difference  of  data  of  intact 
state  and  present  state.  This  method  requires 
data  of  non-damaged  state  and  does  not 
require  the  complicated  modeling  and  a  large 
number  of  data  for  training. 

As  an  example,  the  present  study 
deals  monitoring  of  delamination  detections 
of  a  composite  beam.  The  damages  are 
detected  from  the  change  of  strain  data 
measured  on  the  specimen  surface  by  the 
statistical  tools  such  as  Response  Surface  and 
F-Statistics.  As  a  result,  the  new  method 
successfully  diagnoses  the  damage  without 
using  modeling  and  data  of  damaged  state. 

Key  Words:  Smart  Structure,  Damage 
Diagnosis,  Response  Surface,  Statistical 
tool 


Introduction 

Structural  health  monitoring  system 
has  many  sensors  mounted  on,  and  evaluates 
damage  state  of  the  entire  structure  or 
structural  components  on  real  time.  In  order 
to  prevent  serious  failures  of  civil  structures 
such  as  bridge,  gas  piping,  etc,  the  structural 
health  monitoring  system  becomes 
noticeable  technology  recently.  Especially  in 
Japan,  it  is  very  significant  to  minimize 
seismic  disaster,  and  to  develop  a  system  that 
diagnoses  the  condition  of  civil  structure  in 
short  time  at  lower  cost  is  an  urgent  subject. 
The  present  research  proposes  a  new  damage 
diagnostic  method  for  the  structural  health 
monitoring  at  the  lowest  cost. 

Multiple  damage  diagnostic  for 
structural  health  monitoring  have  been 
proposed,  and  most  of  them  employs  one  of 
parametric  methods  based  on  modeling  of 
structure  or  non-parametric  method  such  as 
ANN.  As  a  parametric  method,  a 
substructural  flexibility  method  [1]  and  a 
residual  force  method  [2]  are  proposed.  As  a 
non-parametric  method,  ANNs  [3]  and 
response  surface  method(RSM)  [4]  are 
proposed.  The  parametric  method  requires 
modeling  of  the  each  structures  and 
non-parametric  method  requires  a  large 
number  of  sets  of  data  for  training.  These 
structural  modeling  and  sets  of  data  for  the 
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training  demands  much  costs.  For  existing 
structures,  it  is  almost  impossible  to  obtain 
sets  of  data  after  damage  creation  for  training 
of  ANN  or  RSM.  This  brings  significant 
demand  of  development  of  the  lower  cost 
diagnostic  method.  In  the  present  study, 
therefore,  a  new  low  cost  statistical 
diagnostic  method  for  structural  damage 
detection  is  proposed.  By  the  method, 
structural  damages  are  detected  by  statistical 
tests  of  similarly  of  a  relationship  between 
measured  data  of  intact  state  and  present  state. 
The  new  statistical  diagnostic  method 
requires  sets  of  data  of  non-damaged  state, 
and  does  not  require  the  complicated 
modeling  and  a  large  number  of  sets  of  data 
after  damage  creations  for  training  ANNs. 
This  causes  significant  decrease  of  cost  for 
making  a  diagnostic  system. 

As  an  example  of  the  health 
monitoring  system  using  the  new  method,  the 
present  method  is  applied  to  delamination 
detection  of  a  composite  beam  in  the  present 
study,  and  the  new  damage  diagnosis  method 
experimentally  investigated  here. 

Damage  Diagnosis  Method 
using  comparison  of  Response  Surface 

For  conventional  health  monitoring 
systems,  relations  between  measured  sensor 
data  and  damage  location  or  size  are 
indispensable  to  identify  damages,  or 
modeling  of  the  entire  structure  is  required  to 
solve  the  inverse  problem  for  identifications 
of  the  damages.  The  works  for  obtaining  the 
relations  are  very  time  consuming  and 
require  high  cost  for  computations  and/or 
experiments.  Modeling  of  the  entire  structure 
is  the  same.  The  new  statistical  diagnostic 
method  proposed  in  the  present  paper  is  a  low 
cost  simple  system.  The  system  does  not 
require  the  relation  between  measured  sensor 
data  and  damages  and  does  not  need 
modeling  of  the  entire  structure.  This  method 
diagnoses  slight  change  of  the  relation 
between  the  measured  sensor  data. 

Procedure  of  the  new  diagnostic 


method  for  damage  detection  is  shown  in 
Figure  1.  First,  a  response  surface  (RS,  see 
next  section)  is  created  from  the  measured 
sensor  data  obtained  from  the  initial  state. 
The  RS  is  named  the  initial  response  surface. 
For  example,  data  of  a  sensor  is  selected  as  a 
response  and  the  data  obtained  from  the 
adjacent  sensors  are  selected  as  predictors. 
Of  course,  you  can  select  natural  frequencies 
obtained  from  vibration  data  instead  of  using 
the  measured  data  directly.  After  the  training 
process,  damage  monitoring  process  is 
started.  During  the  monitoring  process,  a  set 
of  every  sensor  data  is  periodically  obtained 
by  cycling  measurements  several  times. 
From  the  measured  set  of  data,  a  RS  is 
recreated.  The  RS  is  named  as  recreated 
response  surface  here.  The  two  RSs  are 
compared  with  each  other  using  a  statistical 
similarity  test  with  F-test.  When  the 
recreated  RS  is  discriminated  from  the  initial 
RS,  it  means  that  relation  between  the  sensor 
data  is  changed,  and  that  can  be  concluded 
that  something  happens  in  the  structure.  Of 
course  this  does  not  always  means  damage 
initiation,  but  this  can  provide  a  low  cost 
solution  for  structural  health  monitoring  to 
decide  the  necessity  of  the  high  cost 
investigation. _ 

|  Obtain  Initial  Data  )  [  Measurement  of  Data  | 

- 

Create  Recreated  Response  Surface 
|  Output'  I  mJ{ Output'  J )  i-2.  ,k  | 

1 _  x 

I  Create  Initial  Response  Surface  l _ ^  •  Test  of  similarity - 

|  Output  I  -/l  Output, )  i-2,  .t  |  .  accepted 

^rejected 

[petecl  Damage! 

Figure  1.  Flow  of  Damage  Diagnosis 

Response  Surface  Methodology 
RSM[5]  is  employed  for  the  process 
optimization  in  a  quality  engineering  field. 
RSM  consists  of  a  design  of  experiments  to 
select  the  most  suitable  points  for  fitting  the 
surfaces  effectively  and  the  least-square- 
method  to  regress  RS.  RS  is  the 
approximation  function  that  expresses  the 
relationship  between  a  response  and 
predictors.  Generally,  a  RS  is  represented 
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with  the  following  formula. 


y  =  f(x {,x2>--,x1)+£  (1) 


where  x  are  predictors,  y  is  a  response,  s  is  a 
regression  error  and  /  is  a  number  of 
predictors.  In  general,  polynomials  are  used. 

For  simplification,  let  us  consider  the 
case  that  a  response  is  approximated  by 
quadratic  polynomials  of  two  predictors  as 
followings. 


>= a  +r*/v?* go 


where  p  is  regression  coefficient.  If  squares 
or  interactions  of  the  predictors  x/^Xj  are 

replaced  by  new  predictors  xm  (m>l) ,  the 
formula  (2)  becomes  the  linear  regression 
model  as  follows. 


j--a+E>a  (3) 

where  k  is  number  of  the  predictors  after  the 
replacement.  In  terms  of  n  observations,  the 
equation  (3)  can  be  written  in  matrix  form  as 
follows. 


Y  =  Xp  +  e  (4) 
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Unbiased  estimator  of  (3(b)  is  obtained  using 
the  least-square-method  as  follows. 

b  =  (xTx)“!XrY  (5) 

Similarity  Test  of  Response  Surface 
using  F-test 

Let  us  consider,  we  have  two  RSs  that  are 
created  from  two  different  sets  of 
experiments. 

Y,  =  X,|J;  +£,(/  =  1,2)  (6) 


where  the  number  of  experiments  for 
regression  are  n\  and  m  respectively.  In  order 
to  investigate  the  similarity  of  the  two  RS,  a 
null  hypothesis  is  introduced.  The 
hypothetical  definition  is  shown  as  follows. 

«,■  Pi  =  P2  (?) 

Assuming  that  each  error  term  (e)  is 
independent  and  has  the  same  distribution  in 
two  sets  of  experiments.  In  this  case,  the 
F-statistic  value  Fo  is  defined  as  follows. 

SSE0  -SSEl2  n-2p 
F° — - —  (8) 

n  =  «j  +n2,  p  =  k  + 1 
SSEl2=SSEt+SSE2 

where  SSE  represents  residual  sum  of  squares 
of  a  RS.  SSE0  is  a  residual  sum  of  squares  of 
the  RS  created  from  the  entire  data  n(=ni+n2), 
which  regress  from  all  data.  This  F-statistic 
value  Fo  follows  F-distribution  of  degree  of 
freedom^,  n-2p)  under  the  null  hypothesis. 
When  both  of  the  RSs  are  similar  with  each 
other  Fo  becomes  small  value.  Critical  limit 
for  the  rejection  of  the  hypothesis  Hq  is 
defined  as  follows. 

F0  >  F  p,n-2p  (9) 

where  a  is  significance  level.  The  similarity 
of  RSs  is  rejected  when  Fo  is  larger  than 

Fa  p,n-2p  . 

Damage  Detection  of  CFRP  Beam  using 
Change  of  Surface  Strain  Distribution 

Specimen  for  experiment 
As  mentioned  before,  the  new  diagnostic 
method  is  applied  to  delamination 
monitoring  of  a  CFRP  beam,  and  the 
effectiveness  of  the  method  is  experimentally 
investigated  here.  Conventional  strain  gages 
are  employed  as  sensors  in  the  present  study. 
Specimen  configuration  of  the  present  study 
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is  shown  in  Figure  2.  The  specimen  is  a 
CFRP  cantilever  beam  with  a  thickness  of 
1 .4mm  and  stacking  sequence  of  the 
specimen  is  [(V^ls- 

Three  conventional  strain  gages  are 
mounted  on  the  specimen  surface  as  shown 
in  Figure  2.  Gage  length  of  center  gage  is 
10mm  and  the  gage  length  of  the  side  gages 
is  2mm. 

A  delamination  crack  is  created  under 
the  center  gage  with  a  short  beam  shear  test. 
Delamination  occurs  between  0°  and  90° 
plies  with  matrix  cracking  in  the  middle 
90°ply  that  is  a  trigger  of  the  delamination 
initiation. 


l=i 

- X  - j - -Jo - j - 1 

T 

1 

■ 

Gage3  Gage  2  Gagel 

(2mm)  (1  Omm)  (2  mm) 


Figure  2.  Specimen  configuration 

Damage  detection  method 
In  the  present  study,  strain  data  of  the  middle 
gage  #2  is  the  response,  and  the  strain  data  of 
the  gage  #1  and  #3  are  predictors.  Quadratic 
polynomials  are  employed  for  the  creation  of 
the  RS.  The  RSs  are  approximated  as 
follows. 

ff2  =  Po  +  PA  +  PA\ f  +  P)E\£  3  +  04*1  +  /W10) 

where  represents  the  strain  data  of  gage  #i. 
Concentrated  load  is  applied  to  the  left  edge 
of  the  composite  beam  to  obtain  large 
number  of  sets  of  strain  gage  data.  A  RS  of 
the  equation  (10)  is  regressed  from  the  strain 
data  set  of  15  experiments. 

The  critical  limit  for  the  similarity 
test  of  RS  is  defined  from  significant  level  of 
95%  confidence  probability.  In  this  case,  the 
critical  limit  is  defined  as  13.0  from  F-test 
value  distribution  of  intact  state  structure. 

Identification  results 

Using  the  significant  level  of  95%,  the 
performance  tests  of  the  diagnostic  method 
are  conducted  to  investigate  the  effectiveness 
of  the  method.  Table  1  shows  probability  of 


diagnosis.  For  the  in  that  case  (delamination 
size  is  zero),  the  similarity  tests  of  the  two 
RSs  passed  by  the  performance  of  95%. 
When  the  damage  is  existing  to  the  structure, 
the  similarity  of  the  two  RSs  is  rejected  by 
the  performance  of  74%.  On  the  basis  of  the 
performance  results,  the  new  diagnostic 
method  provides  high  performance  at  low 
cost.  The  new  method  does  not  require  test  of 
damaged  state  to  defined  the  limit  between 
the  intact  state  and  damaged  state. 


Table  l .  Diagnostic  accuracy  of 
detection  of  delamination 


Estimation 

Non  damaged 

Damaged 

C 

l 

u. 

intact 

95.1% 

4.9% 

Damaged 

26.4% 

73.6% 

Conclusions 


By  conducting  similarity  tests  of  the 
two  RSs  with  F-test,  the  present  paper 
describes  the  new  damage  diagnostic  method 
without  measurements  data  of  damaged  state. 
As  an  example  of  the  health  monitoring 
system  by  this  method,  the  present  study 
deals  monitoring  of  delamination  detections 
of  a  composite  beam.  The  delaminations  are 
detected  from  the  slight  changes  of  measured 
strain  data  mounted  on  the  specimen  surface 
by  using  the  new  statistical  tools. 
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Abstract 

We  previously  presented  a  new 
method  for  monitoring  resin  flow  and  cure 
with  a  high-frequency  electromagnetic  wave 
transmission  line.  Here,  we  propose  the 
use  of  carbon  fiber  for  conductive  elements 
constructing  the  transmission  line  so  as  to 
use  material  reinforcements  (i.e.,  carbon 
fiber)  as  sensing  probes.  The  experimental 
results  demonstrated  the  possibility  of 
carbon  fiber  as  transmission  line  elements. 

Key  Words:  Curing,  Epoxy  resin.  Carbon 
fibers,  Electromagnetic  wave 

Introduction 

The  quality  of  resin  composites 
strongly  depends  on  the  conditions  of  the 
manufacturing  process.  Hence,  it  is 
important  to  develop  the  “smart 
manufacturing”  technique,  in  which  sensors 
are  embedded  in  the  material  and  the 
manufacturing  condition  is  automatically 
controlled  to  the  best  condition  [1]. 
Among  several  sensing  methods  for  the 
smart  manufacturing,  dielectric  monitoring 
has  been  widely  investigated  and  used  [2,3]. 
In  the  manufacture  of  large  structures  or  the 
resin  transfer  molding  process,  it  is 
important  to  monitor  distribution  of  the 
properties,  discontinuities  and/or  resin  flow. 


However,  in  the  general  dielectric 
monitoring  method,  a  signal  with  a 
relatively  low  frequency  is  usually  used. 
Hence,  the  obtained  information  is  point 
data,  or  data  integrated  over  the  whole  area 
of  the  sensor,  because  of  the  long 
wavelength  of  the  signal  [4,5].  In  contrast, 
when  a  transmission  line  of  electromagnetic 
wave  with  high-frequency  (>100  MHz)  is 
constructed  inside  the  material  or  structure, 
the  signal  propagates  as  a  wave  with  a 
wavelength  comparable  to  the  typical  size  of 
materials  or  structures.  The  signal  is  then 
expected  to  provide  information  on  the 
properties  of  the  material  or  structure, 
including  their  distribution  or  discontinuity. 
Therefore,  we  have  recently  proposed  new 
cure  monitoring  techniques  with  a  high- 
frequency  electromagnetic  wave 
transmission  line,  and  have  shown  the 
potential  as  a  tool  for  in-situ  monitoring  of 
curing,  including  information  on  local 
distributions  or  discontinuities,  such  as  resin 
flow  or  the  existence  of  air  or  variation  in 
the  cure  stage  [6,7].  In  our  previous 
investigations,  the  model  transmission  lines 
have  been  constructed  with  a  metal  line 
(diameter  2  mm)  and  an  aluminum  box. 
However,  carbon  fiber,  which  is  a  typical 
material  element  of  advanced  composites,  is 
electrically  conductive.  Thus,  it  can  be 
expected  that,  if  the  carbon  fiber  can  be  used 
as  an  element  of  the  transmission  line,  it 
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would  be  possible  to  avoid  a 
deterioration  of  material 
property  and  an  increase  in 
manufacturing  cost  caused  by 
embedding  of  sensors.  In  the 
present  paper,  we  therefore 

experimentally  investigated  the 
use  of  carbon  fiber  as  elements 
of  the  transmission  line. 

Experimental 

A  microstrip  line  was 
constructed  with  a  PAN  type 
carbon  cloth  (Toray  Inc. 

Torayca®  Type  61 5 IB,  where 

carbon  fiber  strand  type 

T300B-1000  is  woven  in  two 
directions.)  as  the  ground 
conductor,  and  a  carbon  strand 


pulled  out  from  that  type  of 

cloth  as  the  line  conductor.  Experiments  Fig*l  Experimental  setup. 


using  a  thin  copper  wire  of  diameter  0.1 
mm  as  the  line  conductor  were  also  carried 
out.  The  experimental  setup  is  shown  in 
Fig.  1.  The  carbon  cloth,  8  cm  in  width 
and  about  35  cm  in  length,  was  placed  on 
the  bottom  of  an  acrylic  frame.  The  flange 
of  a  receptacle  for  electromagnetic  signals 
was  glued  to  the  center  of  one  end  of  the 
cloth  using  conductive  epoxy.  The  center 
conductor  of  the  receptacle  was  connected 
with  one  end  of  the  carbon  strand  using 
conductive  epoxy.  When  the  copper  wire 
was  used  as  a  line  conductor,  it  was  soldered 
with  the  center  conductor  of  the  receptacle. 
The  distance  between  the  line  conductor 
(carbon  strand  or  copper  wire)  and  the 
ground  conductor  (carbon  cloth)  was  set  at 
2.5  mm.  The  receptacle  was  connected  to  a 
digitizing  oscilloscope  having  a  time  domain 
plug-in  (Agilent  Technologies  Inc.,  Model 
54750  with  54754).  The  terminal  was 
short-circuited  by  connecting  the  line 
conductor  to  the  carbon  cloth  with  a 
conductive  adhesive  tape  at  the  terminal. 
The  oscilloscope  generated  a  sharp  step 
voltage  of  200  mV  with  30  ps  rise  time,  and 


voltage  change  with  time  at  a  fixed  point 
inside  the  oscilloscope  was  monitored. 
The  monitored  signal,  that  is  the  “time 
domain  response”,  provides  information  on 
the  positions  and  characteristics  of 
discontinuities  of  the  line,  caused  by  change 
in  the  electrical  property  of  the  material 
between  the  pair  of  conductors  of  the  line  at 
the  boundary  as  well  as  change  in  the  shape 
of  the  line  [7,8].  As  the  sample, 
Bisphenol-A  type  epoxy  resin  (Epikote®828, 
Yuka-Shell  Epoxy,  Inc.),  mixed  with  an 
equivalent  amount  of  diethylenctri amine 
was  used.  It  was  put  in  and  around  the  line 
and  cured  at  room  temperature. 

Results  and  Discussion 

Figure  2  shows  time  domain 
responses  for  two  different  conditions,  a 
carbon  fiber  strand  and  a  copper  wire  of  0. 1 
mm  diameter,  of  line  conductor  of  the 
microstrip  line  gradually  filled  with  resin 
from  the  terminal  side.  In  the  response 
before  the  line  was  filled  with  resin  (denoted 
as  “Empty”  in  each  figure),  the  rise  at  point 
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Amplitude  /V  Amplitude  /V 


“a”  corresponds  to  reflection  at  the  input  of 
the  line,  and  the  drop  at  point  “b” 
corresponds  to  reflection  at  the  terminal. 
Because  the  impedance  of  the  transmission 


Time  /ns 


(a)  Line  conductor:  CF  strandxl . 
(Line  length=27cm) 


(b)  Line  conductor:  O.lmnuj)  copper. 


(Line  length=31cm) 


Fig.2  Time  domain  response  from  the 
microstrip  line  gradually  filled 
with  resin  from  the  terminal  side. 


line  was  higher  than  those  of  both  the 
receptacle  at  the  input  and  the  short- 
circuited  terminal,  the  voltage  response  rose 
at  the  input  and  dropped  at  the  terminal  [7j. 
When  the  line  was  partly  filled  with  resin 
from  the  terminal  side,  another  drop  of  the 
response  occurred  at  the  resin  front,  because 
the  impedance  of  the  part  of  the  line  filled 
with  resin  decreased  according  to  the 
permittivity  and  loss  factor  of  the  resin. 
The  time  between  the  rise  and  the  first  drop 
in  the  response,  indicated  as  “Air”  for  the 
case  of  “5  cm  filled”  in  the  figure, 
corresponds  to  the  time  for  a  round  trip  from 
input  to  the  resin  front.  The  time  between 
the  first  drop  and  the  next  one  can  be  related 
to  the  length  of  the  line  filled  with  resin. 
When  a  copper  wire  was  used  as  the  line 
conductor  (Fig.  2  (b)),  a  similar  response  as 
in  our  previous  work,  where  the 
transmission  line  was  constructed  with  metal, 
was  obtained.  This  means  that  the  carbon 
cloth  works  as  a  ground  conductor  of  the 
microstrip  line  in  the  same  way  as  a  metal 
plate.  In  contrast,  when  a  carbon  fiber 
strand  was  used  as  the  line  conductor  (Fig.  2 
(a)),  the  response  showed  an  exponential 
increase  after  the  rise  at  the  input.  This 
change  in  response  can  be  attributed  to  the 
higher  electrical  resistance  of  the  carbon 
fiber  strand  compared  to  the  copper  wire. 


0  1  2  3  4  5  6  7 

Time  /ns 

Fig.3  Time  domain  response  at  various 
cure  stages.  (Line  conductor:  CF 
strandxl,  Line  Iength=27cm) 

E:  Empty  (without  resin),  1:  llmin  after 
mixing  the  curing  agent,  2:  44min  after 
mixing,  3:  83min  after  mixing,  4:  128min 
after  mixing  (near  peak  temperature),  5:  257 
after  mixing  (after  cure). 


Although  there  was  such  a  difference  in  the 
response,  the  resin  flow  front  was  clearly 
detected  even  when  a  carbon  fiber  strand 
was  used  as  the  line  conductor  of  the 
microstrip  line.  However,  to  obtain  a 


Time  /  min 


Fig.4  Change  in  response  level  at  3  ns  with 
time,  during  a  curing  process  of  the 
resin,  for  the  sample  of  Fig.3. 
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Fig.5 


Time  domain  response 
when  an  air  part  existed 
in  the  resin.  (Line 
conductor:  CF  strandxl, 
Line  Iength=27cm.) 


clearer  response, 
it  is  desirable  to 
use  a  thin  metal 
wire  as  the  line 
conductor. 

Figure  3  shows 
the  change  in 
the  time  domain 
response  during 
the  curing  of  the 
resin  after 
filling  the  whole 
line.  A  single 
carbon  fiber 
strand  was  used  as  the  line  conductor  in  all 
the  data  shown  hereafter.  As  curing 
progressed,  the  response  level  gradually 

increased,  and  the  time  between  the  rise  and 
the  drop  decreased.  This  resulted  from  the 
decrease  in  permittivity  and  the  loss  factor 
of  the  resin  with  the  progress  of  curing  [6]. 
Taking  the  level  at  3  ns  as  an  index,  changes 
in  the  level  and  its  time  differential  with 
time  are  plotted  in  Fig.  4  together  with  the 
change  in  resin  temperature.  The  rise  of 
the  level  almost  ended  at  the  peak 

temperature,  which  most  likely 

corresponded  to  almost  the  end  of  the  main 
bridging  reaction  of  the  epoxy.  This  was 
the  same  tendency  as  in  our  previous  works 
[6,7].  We  thus  found  that  progress  of  cure 
can  be  monitored  in  a  similar  way  even  if  a 
carbon  fiber  is  used  as  the  conductive 
element  of  a  transmission  line.  An 

existence  of  an  air  part  in  the  resin  and  a 
variation  in  cure  stage  could  also  be  detected 
as  Figs.  5  and  6.  It  must  be  noted  that 
information  on  the  position,  along  the  line, 
of  the  air  part  or  the  boundary  of  the  cure 
stage  was  included  in  the  response. 


Fig.6  Time  domain  response 
when  there  was  a  variation 
in  cure  stage.  (Line 

conductor:  CF  strandxl, 

Line  length=31cm.) 

transmission  line  Filled  with  resin.  Resin 
flow,  progress  of  cure,  existence  of  air  and 
variation  in  cure  stage  were  successfully 
detected  together  with  information  on  the 
position  along  the  line.  We  found  that  a 
carbon  cloth  worked  the  same  way  as  metal 
for  the  ground  conductor.  When  a  carbon 
fiber  strand  was  used  as  the  line  conductor, 
the  response  was  somewhat  affected  by  the 
higher  electric  resistance  of  the  carbon. 
The  methodology  proposed  in  the  present 
paper  is  also  applicable  to  health  monitoring 
with  electric  conductivity  [9],  and  can  give 
information  on  the  position  of  damage. 

References 

1.  T.  Fukuda  and  T.  Kosaka:  Mater.  Sci.  Res.  Int.. 
STP-2,  51(2001). 

2.  Y.  Yamaguchi,  M.  Yoshida,  M.  Jinno.  S.  Sakai. 
K.  Osaka  and  T.  Fukuda:  Proc.  of  6th  Jpn.  Int. 
SAMPE  Symp.,  1037(1999). 

3.  K.  Nixdoif  and  G.  Busse:  Compos.  Sci.  and 
Tech.,  61, 889(2001). 

4.  S.  D.  Shwab,  R.  L.  Levy  RL  and  G.G.  Glover: 
Polym.  Compos.,  17,  312(1996). 

5.  S,  Motogi,  T.  Itoh  and  T.  Fukuda:  Proc.  of  6th 
Jpn.  Int.  SAMPE  Symp.,  1033(1999). 

6.  K.  Urabe,  J.  Takahashi,  H.  Tsuda  and  K. 
Kemmochi:  J.  Reinf.  Plast.  and  Compos., 1 9, 


Conclusion 

We  proposed  and  experimentally 
investigated  the  use  of  carbon  fiber  as 
conductive  elements  for  monitoring  resin 
flow  and  cure  with  time  domain  response 
from  a  high-frequency  electromagnetic  wave 


1235(2000). 

7.  K.  Urabe,  H.  Tsuda.  J.  Takahashi  and  K. 
Kemmochi:  Mater.  Sci.  Res.  Int.,  STP-2,  95(2001 ). 

8.  J.  C.  Freeman:  "Fundamentals  of  Microwave 
Transmission  Lines",  John  Wiley  &  Sons.  New 
York,  1996,  pp.  1 64-202. 

9.  K.  Schulte:  Compos.  Sci.  and  Tech.,  61, 
799(2001). 


78 


Proceedings  of  7th  Japan  International  SAMPE 
Symposium  §  Exhibition,  Nov.  1 3- 1 6,  200 1 


Process  Monitoring  and  Controlling  with 
Dielectric  Sensor  for  Thermoplastic  Composite  Vane 


Kenjiro  Yamagishi*,  Shintaro  Kitade*,  Shinya  Motogi**  and  Takehito  Fukuda** 

*:  Research  Institute,  Ishikawajima-Harima  Heavy  Industries 
1,  Shin-Nakahara-cho,  Isogo-ku,  Yokohama,  235-8501,  JAPAN 
E-mail:  kenjirou_yamagishi@ihi.co.jp 

**:  Department  of  Intelligent  Materials  Engineering,  Osaka  City  University 
3-3-138,  Sugimoto-cho,  Sumiyoshi-ku,  Osaka,  558-8585,  JAPAN 


Abstract 

Thermoplastic  composites  have  relatively  high 
impact  resistance,  and  are  good  for  the  vane  of 
the  jet  engine  that  sometimes  suffers  bird  strike 
damage.  Matched-die  press  molding  process  is  a 
good  process  for  the  vane  which  has  complex  air¬ 
foil  shape.  But  many  laborious  test  moldings  are 
needed  to  fix  the  adequate  process  parameters. 
Process  monitoring/controlJing  with  in-mold  sen¬ 
sor  can  reduce  the  number  of  test  moldings.  Di¬ 
electric  properties  of  PEEK  resin  in  matched-die 
press  molding  process  are  measured.  The  corre¬ 
lations  between  melt  viscosity,  PvT  properties  and 
AC  conductivity  of  PEEK  are  discussed.  The  in¬ 
flection  point  of  the  temperature-AC  conductiv¬ 
ity  curve  agrees  with  onset  of  increasing  and  melt 
viscosity,  and  the  onSet  of  high  shrinkage  due  to 
crystallization.  The  process  control  diagram  uti¬ 
lizing  dielectric  properties  is  devised.  The  lami¬ 
nated  CFRP  plate  is  successfully  molded  by  the 
controlled  process.  The  capability  of  process 
monitoring/controlling  utilizing  the  dielectric  sen¬ 
sor  is  confirmed. 

Key  Words:  Thermoplastic  composites,  Pro¬ 
cess  Monitoring,  Process  Control,  Dielectric  sen¬ 
sor. 


Introduction 

Stator  vane  of  aircraft  engine  is  required  to 
be  of  light  weight  and  low  cost  [1].  High  tem¬ 
perature  thermoplastic  CFRP  is  suitable  mate¬ 
rial  for  the  vane  of  jet  engine,  because  thermo¬ 
plastics  have  higher  bird  strike  impact  resistance 
than  thermosets.  Matched-die  press  molding 
process  is  good  process  for  the  vane,  because  it 
has  complex  airfoil  shape,  and  needs  precise 
molding.  Matched-die  press  molding  process 
enables  us  to  control  pressure  and  temperature 
more  precisely  than  autoclave  forming.  But 
many  laborious  test  moldings  are  needed  to  ob¬ 
tain  the  optimum  process  parameters  for  mold¬ 
ing  of  thermoplastic  CFRP  vane.lt  is  difficult  to 
estimate  melt  viscosity  or  volume  change  of 
resin  in  the  mold,  which  is  necessary  for  the 
process  control.  The  viscosity  of  the  resin  in  the 
mold  cannot  be  obtained  only  by  viscosity  data 
from  rheometer  and  temperature  from  thermo¬ 
couples  because  the  viscosity  changes  not  only 
by  temperature  but  also  by  die  cooling  speed  at 
the  cooling  step.  The  process  monitoring  and 
controlling  with  in-mold  sensors  can  reduce  the 
test  moldings.  We  chose  dielectric  curing  sensor 
for  monitoring  the  melting/consolidating  of  the 
high  temperature  thermoplastic  resin.  A  high 
heat  resistant  dielectric  sensor  is  commercially 
available  for  monitoring  at  the  temperature 
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range  over  300  °C. 

In  this  study,  dielectric  properties  of  a  high 
temperature  thermoplastic  resin  in  matched-die 
press  molding  process  are  measured.  The  cor¬ 
relations  between  dielectric  properties  and  vis¬ 
cosity  and  volume  change  are  discussed.  The 
process  control  method  for  high  temperature 
thermoplastic  CFRP  vane  is  also  discussed. 

Experimental 

Dielectric  Measurement  of  PEEK 

Figure  1  shows  the  experimental  set  up  of  the 
mold.  An  interdigitated  comb-shape  electrode 
sensor  was  located  at  the  bottom  of  the  mold  cav¬ 
ity,  and  a  thennocouple  was  built-in  under  the  elec¬ 
trode  of  the  sensor.  A  round  shaped  polyimde 
film(tF=20mm)  was  put  upon  the  electrode  of  the 
sensor  to  prevent  adhering  to  the  resin.  The  di¬ 
mensions  of  the  mold  cavity  was  1 50mm  x 
150mm  x  2mm.  Stacked  PEEK  (Poly-ether- 
ether-ketone)  film  (Mitsui-Chemical)  was  loaded 
in  the  mold,  and  constant  pressure  was  applied 
by  the  hot-press.  The  mold  was  heated  from  room 
temperature  to  380  °C  at  the  rate  of  2  °C/min, 
maintained  at  380  °C  for  30  minutes,  and  cooled 
down  to  50  °C  at  the  rate  of  2°C/min  or  6°C / 
min 

Complex  dielectric  measurements  was  made 
using  Eumetric  100A  (Holometrix  -Micromet). 
The  complex  dielectric  constant  (£*)  is  ex¬ 
pressed  as 

e*=e'  +  /e"  (1) 

where  the  real  part  (£  ’)  is  the  permittivity  that 
characterizing  the  capacitive  component,  and 
the  imaginary  part  (e”)  is  the  loss  factor  char¬ 
acterizing  the  conductive  component.  The  di¬ 
electric  loss  factor  were  measured  in  the  pro¬ 
cess.  Time  intervals  of  the  dielectric  measure¬ 
ment  were  one  minute  at  heating  step  and  con¬ 
stant  step,  20scconds  at  cooling  step.  The  fre¬ 
quency  range  of  tire  alternating  voltage  in  the 
measurement  was  from  0.5Hz  to  5Hz 


Demonstration  of  Process  Monitoring/ 
Controlling  for  CF/PEEK  Composite 
Demonstration  of  process  control  for  CF/ 
PEEK  composite  was  performed  using  the 
same  mold  and  the  same  hot  press  as  that  used 
in  the  dielectric  measurement  of  PEEK  resin. 
Stacked  AS4/PEEK  (Cytec-Fiberite)  unidirec¬ 
tional  carbon  fiber  prepreg  was  used  for  the 
demonstration.  AC  conductivity,  which  is  calcu¬ 
lated  from  loss  factor,  was  monitored  and  ap¬ 
plying  pressure  was  controlled  according  to  the 
monitored  AC  conductivity  and  the  pressure 
control  diagram  that  is  mentioned  later. 


Fig.l  Experimental  set  up  of  the  mold. 

Results  and  Discussion 

Dielectric  Measurement  of  PEEK 

The  AC  conductivity  (gac)  is  used  to  follow 
curing  of  thermosets  [2].  The  AC  conductivity  is 
calculated  from  following  equation  [3,4], 

a,c  =  E".co.e0  (2) 

where  £  ”  is  the  dielectric  loss  factor,  £0  is  per¬ 
mittivity  of  the  vacuum  ( =  8.85  x  1 012  F/m), 
and  0)  is  the  angular  frequency.  The  measured 
AC  conductivity  of  PEEK  increases  or  de¬ 
creases  as  the  temperature  increases  or  de¬ 
creases  respectively.  Figure  2  shows  the  AC 
conductivity  at  cooling  step  and  dynamic  melt 
viscosity  (by  rheometer)  at  equal  cooling  rate  to 
the  dielectric  measurement.  At  about  315  °C  at 
the  cooling  rate  of  2  °C/min  or  305  °C  of  6°C/ 
min,  the  dynamic  viscosity  significantly  increases 
due  to  the  onset  of  crystallization,  simulta¬ 
neously  with  the  inflection  of  AC  conductivity. 
Figure  3  shows  correlations  between 
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specific  volume  and  temperature  at  two  cooling 
rate.  The  onset  temperature  of  high  shrinkage 
coincides  with  the  inflection  temperature  of  the 
AC  conductivity.  Figures  2  and  3  show  that  the 
onset  temperature  of  increasing  viscosity  and 
decreasing  volume  shifts  lower  as  the  cooling 
rate  increases,  and  the  shifts  were  monitored  by 
the  dielectric  sensor.  The  onset  of  high  shrink¬ 
age  or  increase  of  viscosity  is  important  and 
necessary  information  for  process  control  of 
thermoplastic  composites,  and  these  results 
show  that  the  information  can  be  monitored  by 
in-mold  dielectric  sensors  even  when  the  cool¬ 
ing  rate  varies. 
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Fig.2  Correlations  between  AC  conductiv¬ 
ity  and  dynamic  viscosity  of  PEEK  in  the 
cooling  step. 
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Fig.3  Correlations  between  AC  conductivity 
and  PvT  properties  of  PEEK 

Process  control  Scheme  for  Press  Molding  of 
Thermoplastic  Composites  Utilizing 
Dielectric  Sensor 

On  controlling  the  process  of  thermoplastic 
composites,  sudden  shrinkage  of  resin  at  con¬ 
solidation  point  is  the  most  important  factor  to 
be  considered.  We  have  to  apply  high  pressure 
at  consolidation  point  to  avoid  forma tionof  mi¬ 


cro  void  or  rough  surface  in  composite  vane.  The 
sudden  increase  of  melt  viscosity  of  the  resin  at 
the  consolidation  point  is  also  important  for  pro¬ 
cess  control.  When  the  viscosity  is  low,  high  pres¬ 
sure  makes  unnecessary  flow  of  the  resin  that 
causes  misalignment  of  continuous  fiber  of  the 
composite  vane.  On  the  other  hand,  when  the  vis¬ 
cosity  is  high,  low  pressure  has  little  effect  for  the 
shrinkage. 

Figure  4  shows  the  schematic  of  the  correla¬ 
tions  between  temperature,  AC  conductivity,  vis¬ 
cosity,  and  specific  volume  of  PEEK  or  PEEK 
composites.  Figure  4  also  shows  the  adequate 
pressure  control  diagram  for  PEEK  composites 
based  on  the  correlations.  In  the  healing  step,  high 
pressure  is  not  necessary.  (Phase  I  of  the  diagram) 
At  the  maximum  temperature,  the  viscosity  of  the 
resin  is  the  lowest  in  the  process.  Moderate  pres¬ 
sure  should  be  applied  to  form  the  desired  shape 
of  the  composite  vane.  (Phaself  )  At  the  consoli¬ 
dation  point  detected  by  dielectric  sensor  (point 
B  of  the  diagram),  higher  pressure  should  be  ap¬ 
plied  to  prevent  void  formation  due  to  the  sudden 
shrinkage  of  the  resin.  After  passing  through  the 
consolidation  point,  we  should  keep  applying  high 
pressure  to  avoid  deformation  affected  by  ther¬ 
mal  shrinkage.  (Phaselll)  On  molding  the  com¬ 
posite  vane,  the  thickness  is  not  uniform  and  the 
shrinkage  at  consolidation  point  is  not  uniform. 
We  also  have  to  control  temperature  precisely. 

Demonstration  of  Process  Monitoring/ 
Controlling  for  Composites 

Process  monitoring/controlling  of  the  press 
molding  was  demonstrated  according  to  the 
diagram.  The  range  of  pressure  was  from  0.22 
MPa  to  1.33  MPa,  and  both  heating/cooling 
rates  were  2  °C/min.  Figure  5  shows  an  ex¬ 
ample  of  AC  conductivity  monitored  at  cooling 
step  of  the  demonstration.  Figure  6  shows  the 
CF/PEEK  composite  plate  in  the  demonstra¬ 
tion.  The  composite  plate  was  successfully 
molded. 
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Fig.4  Schematic  of  the  correlations  between 
temperature,  AC  conductivity,  viscosity, 
volume  and  optimum  pressure. 
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Fig.5  Monitored  AC  conductivity  (1Hz)  at 
pressure  control  demonstration. 


Conclusions 

Dielectric  properties  of  PEEK  resin  in  the 
press  forming  process  were  measured.  In  the 
cooling  step  of  the  process,  the  inflection  point 
of  temperature- AC  conductivity  curve  coin- 


Fig.6  Cross  section  view  of  the  CF/PEEK 
composite  plate  its  stacking  sequence  of  (0/ 
45/-45/90)2j. 

cided  with  sudden  increase  of  viscosity  and  high 
shrinkage  due  to  crystallization.  The  pressure  con¬ 
trol  diagram  utilizing  the  dielectric  sensor  in  the 
press  molding  of  CF/PEEK  was  devised,  and  the 
demonstration  was  performed.  The  capability  of 
the  process  monitoring/controlling  with  dielectric 
sensor  was  confirmed. 
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Abstract 

Newly  developed  small-diameter  fiber 
Bragg  grating  (FBG)  sensors  were  applied  to 
the  detection  of  the  delamination  in  carbon 
fiber  reinforced  plastic  (CFRP)  cross-ply 
laminates.  The  reflection  spectra  from  the  FBG 
sensor  were  measured  at  various  delamination 
lengths  through  four-point  bending  test.  The 
form  of  the  spectrum  was  found  to  change 
sensitively  by  the  initiation  of  the  delamination 
and  the  increase  of  the  delamination  length. 
In  order  to  confirm  this  change  in  the  spectrum, 
the  spectra  were  calculated  theoretically. 
Moreover  an  effective  indicator  for  the 
prediction  of  the  delamination  length  was 
proposed. 

Key  Words:  Fiber-Optic  Sensors,  Fiber  Bragg 
Grating,  Delamination,  Health  Monitoring. 

Introduction 

The  failure  process  of  CFRP 
laminates  under  static  or  dynamic  loadings  is 
known  to  involve  unique  microscopic 
damages,  such  as  matrix  cracks  and 
delaminations.  Especially,  the  delamination 
causes  stiffness  reduction  and  often  leads  to 
the  catastrophic  failure.  Thus,  the  delamination 
detection  is  very  important  to  evaluate  the 
reliability  of  CFRP  laminates. 


In  this  research,  the  small-diameter 
FBG  sensors  were  embedded  in  CFRP  cross- 
ply  laminates.  The  reflection  spectra  from  this 
FBG  sensor  were  obtained  at  various 
delamination  lengths.  Then  the  quantitative 
evaluation  of  the  delamination  was  conducted 
using  the  change  in  the  reflection  spectrum. 

Experimental  Procedures 
Materials 

The  authors  and  Hitachi  Cable  Ltd.  have 
developed  small-diameter  FBG  sensors.  Bragg 
gratings  are  fabricated  in  small-diameter 
optical  fibers  coated  with  polyimide  layer 
whose  thickness  is  6  pm.  The  core  and 
cladding  diameters  are  6.5  pm  and  40  pm, 
respectively.  The  length  of  grating  is  10  mm, 
and  the  grating  period  is  about  0.5  pm.  The 
profile  of  the  refractive  index  modulation  was 
controlled  as  a  Gaussian  shape  to  suppress  the 
side-lobe  of  the  reflection  spectrum. 

The  specimen  was  CFRP  laminates 
T800H/3631  (Toray  Industries,  Inc.),  in  which 
small-diameter  FBG  sensors  were  embedded. 
The  laminate  configuration  was  cross-ply 
[901(/02]s,  and  the  dimensions  of  test  specimen 
were  140  x  20  x  2.7  mm3.  As  shown  in  Fig.  1, 
a  strip-type  delamination  grows  in  four-point 
bending  tests.  For  the  delamination  onset  from 
the  tip  of  a  transverse  crack,  a  vertical  notch 
was  introduced  at  the  mid-span  of  the 
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specimen.  The  transverse  crack  occurred  from 
the  root  of  the  notch  and  propagated  to  the  07 
90°  interface.  In  order  to  examine  the  effect 
of  the  initiation  point  of  a  delamination,  small- 
diameter  FBG  sensors  were  embedded  at  two 
different  positions  as  shown  in  Fig.  2.  The 
delamination  initiated  at  the  center  of  the  FBG 
sensor  in  Type  A  specimens;  from  the  end  of 
the  FBG  sensor  in  Type  B  specimens. 


along  the  FBG  sensor  were  calculated  from 
the  strain  distribution.  Then  the  reflection 
spectrum  was  simulated  from  the  distributions 
using  the  couple  mode  theory  and  the  transfer 
matrix  method.  This  simulation  was  conducted 
with  the  software  “IFO_Gratings”  developed 
by  the  Optiwave  Corporation. 

Results  and  Discussion 


Measurements 

Quasi-static  load  was  applied  to  the  specimen 
with  a  four-point  bending  device  at  room 
temperature.  The  loading  speed  was  0.5  mm/ 
min.  The  delamination  that  grew  at  the  0790° 
interface  was  observed  using  a  soft  X-ray 
radiography.  The  optical  fiber  was  illuminated 
by  an  amplified  spontaneous  emission  (ASE) 
light  source  (Ando  Electric  Co.,  Ltd.,  AQ- 
6310).  After  the  bending  load  was  decreased 
to  0  N,  the  reflection  spectrum  from  the  FBG 
sensor  was  obtained  by  using  an  optical 
spectrum  analyzer  (Ando  Electric  Co.,  Ltd., 
AQ-6317). 

Analysis  of  Reflection  Spectrum 
The  spectrum  was  calculated  theoretically  for 
confirmation  of  the  measured  spectrum.  At 
first,  the  strain  distribution  of  the  FBG  sensor 
was  obtained  by  FEM  analysis  with  ABAQUS 
code.  The  specimen  was  modeled  using  2-D 
plane  strain  finite  elements.  The  delamination 
length  used  in  the  FEM  analysis  was  identical 
with  that  measured  by  the  experimental 
observation.  Next,  the  distributions  of  the 
grating  period  and  the  average  refractive  index 


Fig.  1  CFRP  laminate  with  delamination 
under  four-point  bending  test. 


Sensor  Response  to  Delamination  Growth 
Fig.  3  shows  the  reflection  spectra  for  the  Type 
A  test.  In  this  research,  the  intensity  of  the 
reflection  spectrum  was  normalized  by  the 
intensity  of  the  highest  component.  When 
there  was  no  crack  in  the  specimen,  the 
reflection  spectrum  had  a  sharp  narrow  peak. 
After  a  transverse  crack  occurred  in  the 
specimen,  the  form  of  the  reflection  spectrum 
became  broad  and  had  some  peaks  because  of 
the  non-uniform  axial  strain  distribution  in  the 
FBG  sensor.  When  a  delamination  was 
initiated  from  the  crack  tip,  the  form  of  the 
reflection  spectrum  had  one  large  peak  and 
some  low  intensity  components  around  it. 
Then  the  intensity  of  these  low  intensity 
components  decreased  with  an  increase  in  the 
delamination  length.  Since  this  tendency 
appeared  in  both  measured  and  calculated 
spectra,  it  was  confirmed  that  these  changes 
in  the  form  of  the  reflection  spectrum  were 
caused  by  the  growth  of  the  delamination. 

Fig.  4  shows  the  reflection  spectra  for 
the  Type  B  test.  The  transverse  crack  appeared 


Delamination  Length 


1 90" 


Position  (mm) 

(b)  Type  B 


Fig.  2  Embedment  of  small-diameter 

FBG  sensors  at  two  different  posi¬ 
tions:  (a)  T^pe  A  and  (b)  Type  B. 
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Wavelangth  (nm)  Wavelangth  (nm) 


(d)  d  =  5.8  mm 

Fig.  3  Reflection  spectra  in  Type  A  test. 


(d)  d  =  21.6  mm,  dr  =  10.2mm 

Fig.  4  Reflection  spectra  in  Type  B  test. 


at  the  end  of  the  FBG  sensor,  and  the  transverse 
crack  only  affected  the  strain  distribution 
around  the  end  of  the  sensor  part.  Hence  the 
intensity  of  higher  wavelength  components 
increased  slightly.  After  the  delamination  was 
initiated  from  the  crack  tip,  the  intensity  of 
the  higher  wavelength  peak  increased  with  an 
increase  of  the  delamination  length  in  both 
measured  and  calculated  spectra.  The  form  of 
the  reflection  spectrum  was  found  to  be 
sensitive  to  the  delamination  length. 
Especially,  the  intensities  of  the  two  peaks  in 


the  spectrum  obtained  from  the  Type  B  test 
changed  depending  on  the  delamination 
length.  Thus,  in  the  following  discussion,  the 
change  in  the  intensities  of  the  two  peaks  was 
examined  based  on  the  theoretical  calculation 
for  the  result  of  Fig.  4. 

Prediction  of  Delamination  Length 
We  focused  on  the  axial  strain  distribution  in 
the  FBG  sensor  that  was  characterized  by  two 
levels  of  uniform  strain  as  shown  in  Fig.  5, 
which  were  used  for  the  calculation  of  Fig.  4 
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(c).  The  levels  I  and  II  are  related  to  the  strain 
at  the  delaminated  area  and  that  at  the  bonded 
area,  respectively.  As  the  delamination  length 
increases,  the  region  of  the  uniform  strain  at 
the  level  I  will  enlarge,  and  the  intensity  of 
higher  wavelength  peak  in  the  spectrum  will 
increase  consistently.  In  the  present  study,  the 
intensity  ratio  of  the  two  peaks,  JJIL,  was 
defined  as  an  indicator  of  delamination  length, 
where  /  and  IL  are  the  intensities  of  higher 
and  lower  wavelength  peaks,  respectively. 

Fig.  6  shows  the  logarithmic  plot  of 
the  intensity  ratio  against  the  delamination 
length  along  the  FBG  sensor  — this  length  is 
equal  to  the  value  of  dr  in  the  Type  B  test.  The 
delamination  length  less  than  4.2  mm  was  well 
estimated  by  the  value  of  IJIL.  When  the 
delamination  length  was  over  4.2  mm,  the 
increase  of  IJIL  obtained  from  theoretical 
calculation  became  larger  than  that  from  the 
experiment.  This  difference  was  caused  by  the 
error  of  delamination  length  measurement  due 
to  the  intralaminar  delaminations  that  was 
observed  using  a  soft  X-ray  radiography. 
However,  since  the  intensity  ratios  obtained 
from  both  experiment  and  calculation 
increased  monotonically  with  an  increase  of 
the  delamination  length,  the  intensity  ratio  of 
the  two  peaks  was  found  to  be  an  effective 
indicator  for  the  prediction  of  the  delamination 
length. 

Conclusions 

The  delamination  detection  in  CFRP 
cross-ply  laminates  was  performed  using  an 
embedded  small-diameter  FBG  sensor.  The 
form  of  the  spectrum  changed  sensitively,  as 
the  delamination  length  increased.  Then,  the 
relationship  between  the  delamination  length 
and  the  change  in  the  spectrum  was  clarified 
by  the  theoretical  calculation.  When  a 
delamination  was  initiated  from  the  outside 
of  the  FBG  sensor,  the  intensity  ratio  in  the 
spectrum  was  an  effective  indicator  for  the 
prediction  of  the  delamination  length.  In  the 
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Fig.  5  Strain  distribution  along  grating 
at  'type  B  test. 


Fig.  6  Intensity  ratio  of  the  two  peaks 

against  delamination  length  along 
grating. 

delamination  growth,  if  the  axial  strain 
distribution  in  the  FBG  sensor  was 
characterized  by  two  levels  of  uniform  strain, 
this  indicator  could  have  a  potential  to  be 
applied  to  other  laminate  configurations. 
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Abstract 

Two  devices  for  strain  measurement 
using  FBG  sensors  were  studied.  One  was  the 
hybrid  patch,  which  included  FBG  sensors  in 
series.  It  was  experimentally  confirmed  that  the 
device  could  measure  the  strain  compensating 
the  change  of  the  temperature  simultaneously. 
The  other  was  the  laminate  patch.  It  is 
theoretically  expected  that  the  width  of  the 
spectrum  increases  in  proportion  to  the 

difference  between  the  strain  along  the  width 
direction  and  that  along  the  thickness  direction. 
For  the  confirmation  of  this  theory,  an  epoxy 
plate  including  an  FBG  sensor  was  loaded 
transversely.  It  was  shown  that  the  width  of  the 
spectrum  increased  in  proportion  to  the 

transverse  strain  which  caused  the  difference 
between  the  strains  along  the  two  directions.  The 
laminate  patch  uses  the  spread  of  the  spectrum  in 
order  to  compensate  the  temperature  change.  It 
was  experimentally  confirmed  that  the  width 
changed  in  accordance  with  the  temperature  and 
the  axial  strain  applied  to  the  patch. 

Key  Words:  Fiber  Bragg  Grating,  Composite, 
Strain,  Temperature 

1.  Introduction 

Although  resistive  foil  strain  gauges  are 
widely  used  for  strain  measurement,  Fiber  Bragg 
grating  (FBG)  sensors  are  attracting  increasing 
attention.  This  is  because  they  have  some  strong 
advantages  over  resistive  foil  strain  gauges,  for 
example,  immunity  to  electromagnetic 
interference,  long  lifetime,  and  simultaneous 


measurement  of  the  strain  at  several  points  [1]. 
Nowadays,  smart  patches  in  which  FBG  sensors 
are  embedded  have  been  studied  for  strain 
measurement. 

However,  FBG  sensors  are  subject  to  the 
influence  of  temperature.  The  Bragg  wavelength 
of  an  FBG  sensor  depends  mainly  on  strain,  but 
it  shifts  slightly  by  the  change  of  temperature. 
With  the  change  of  1°C,  the  measured  strain  has 
typically  an  error  of  11  \i  strain. 

To  achieve  higher  accuracy,  therefore, 
FBG  sensors  need  temperature  compensation. 
For  the  simplicity  of  the  device,  it  is  desirable  to 
conduct  strain  measurement  and  temperature 
compensation  with  a  single  patch.  In  this  paper, 
two  types  of  smart  patches  are  introduced.  The 
first  one  is  a  “hybrid  patch”,  which  consists  of 
CFRP  and  GFRP  connected  in  series,  and  the 
second  is  a  “laminate  patch”,  which  is  a  laminate 
of  CFRP  and  epoxy. 

2.  Hybrid  Patch 


2.1  Principle 

A  CFRP  unidirectional  laminate  (UD 
laminate)  and  a  GFRP  UD  laminate  including  an 
FBG  sensor  in  each  are  connected  in  series,  and 
its  ends  are  glued  to  the  structure  of  which  the 
strain  should  be  required  (Fig.l).  Because  of  the 
differences  of  their  Young’s  moduli  and 
coefficients  of  thermal  expansion  (CIEs),  the 
temperature  change  influences  the  strains  of  both 
materials.  Therefore,  the  strains  can  be 
expressed  by  the  following  equations. 


ef  =a‘r  +a^T 
=  a°es  +a|  AT 


(1) 

(2) 
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(4) 


where  es  is  the  strain  of  the  structure,  ATis  the 
temperature  change,  a  and  /3  are  constants, 
suffixes  1,  2,  c,  and  g  mean  the  axial  direction, 
the  transverse  direction,  CFRP,  and  GFRP, 
respectively.  On  the  other  hand,  the  shift  of  the 
Bragg  wavelength  AA  is  expressed  by  the 
following  equation  [2]: 


+{i^L+TG,“+2pijK}Ar 

(5) 

where  A0  is  the  initial  wavelength,  n0  is  the 
refractive  index,  as  is  the  CTE  of  the  optical 
fiber,  and  pn  and  pl2  are  the  strain-optic 
coefficients.  From  these  equations,  the  shifts  of 
the  Bragg  wavelengths  are  expressed  with  es 
and  AT. 


(6) 


where  AT  is  a  constant  matrix.  By  deciding 
/C-matrix,  the  accurate  strain  can  be  calculated 
from  the  wavelengths. 


2.2  Experiments 

The  patch  size  was  llcmxlcmx500pm 
(4  plies).  For  the  connection  of  CFRP  and  GFRP, 
epoxy  adhesive  films  were  inserted.  The  joint 
part  was  1cm  long.  Both  1cm  regions  at  the  ends 
of  the  patch  were  glued  to  the  stainless  plate, 


which  was  assumed  to  be  a  structural  member, 
by  the  same  adhesive.  The  dimension  of  the 
stainless  plate  is  20cmx3cmx5mm.  The  FBG 
sensors  used  in  this  experiment  are  as  follows: 
A£=1535.78nm,  A{j  =1548.53nm, 
n0  =1.4575,  dn0/dT  =1.2xl0"5, 
a^O.SxlOYC,  pn=  0.113, and  pn  =0.252. 

For  the  symmetry  of  the  specimen,  a 
same  patch  with  no  optical  fiber  was  glued  on 
the  other  surface  of  the  plate.  At  three  different 
temperatures:  37°C,  55°C,  and  73°C,  tensile 
strain  was  applied  to  the  specimen.  The  obtained 
wavelengths  were  compared  with  the  strain  of 
the  structure  measured  by  a  resistive  foil  strain 
gauge  attached  to  the  side  of  the  plate.  In  the 
measurement  of  the  strain,  a  three-wire  strain 
gauge  was  used  for  the  compensation  of  the 
temperature  change. 

As  shown  in  Fig.2,  the  relation  between 
the  wavelengths  and  the  strain  depends  on  the 
temperature.  However,  because  of  its  linearity,  it 
is  expected  that  the  relation  will  be  expressed  as 
eqn.  (6). 


Wavclcngth[nm] 
(a):  CFRP 


Wavelength!  nm] 

(b):  GFRP 

Fig.2  Wavelength  shift  by  the  strain  and  the 
temperature:  (a)  FBG  sensor  in 
CFRP  and  (b)  in  GFRP 
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FigJ  Comparison  between  the  strain 
calculated  from  the  wavelengths 
obtained  by  the  hybrid  patch  and  that 
measured  by  the  strain  gauge 

2.3  Strain  Calculation  from  the  Wavelengths 
After  K  was  calculated  from  the  three 
points  of  A,  B,  and  C  in  Fig.2,  the  strain  was 
calculated  from  the  wavelengths  of  the  FBG 
sensors.  The  calculated  strains  were  compared 
with  those  measured  by  the  strain  gauge  in  Fig.3. 
The  calculated  strains  were  almost  the  same  as 
the  measured  strains.  Therefore,  it  was  shown 
that  this  patch  could  measure  the  strain  very 
accurately  in  spite  of  large  temperature  change. 

3.  Laminate  Patch 


Fig.4  Laminate  patch 


3.1  Principle 

An  epoxy  plate  and  two  90°  plies  of 
CFRP  are  laminated  and  an  FBG  sensor  is 
embedded  in  the  epoxy-ply  as  shown  in  Fig.4. 
Because  of  the  thermal  residual  stress,  the 


section  of  the  optical  fiber  is  deformed,  which 
causes  birefringence.  Hence,  the  spectrum 
becomes  the  coupling  of  two  different  spectra. 
The  difference  of  the  two  central  wavelengths  is 
in  proportion  to  the  difference  of  the  strain  in  the 
width  direction,  e2,  and  that  in  the  direction 
along  the  thickness,  e3  ,  as  the  following 
equation. 


\ p  ~  2  (?12  "<Pll)'|e2  -e3|  (?) 

As  the  temperature  decreases,  the  thermal 
residual  stress  increases,  so  that  the  width  of  the 
spectrum  also  increases.  Hence,  from  the  width 
and  the  central  wavelength,  both  the  strain  and 
the  temperature  are  calculated. 

3.2  Experiments 

The  laminate  patch  consisted  of  [CFRP 
90°  /  Epoxy  /  CFRP  90°].  One  CFRP  laminate 
was  250pm  in  thickness,  and  the  epoxy-ply  was 
500pm  in  thickness.  The  FBG  sensor  was 
embedded  in  the  center  of  the  epoxy-ply.  This 
patch  was  cured  at  100°C.In  order  to  reveal  the 
influence  of  the  temperature  and  the  strain  on  the 
width  of  the  spectrum,  following  experiments 
were  carried  out.  The  width  was  defined  as  a 
Full  Width  at  Half  Maximum  (FWHM)  and  a 
Full  Width  at  Quarter  Maximum  (FWQM). 

First,  an  FBG  sensor  was  embedded  into 
epoxy  plate,  and  transverse  loading  was  applied. 
As  a  result  the  width  of  the  spectrum  spread  as 
the  transverse  strain  increased  (Fig.5).  Especially, 
FWQM  increased  quite  linearly  with  the  strain. 

Next,  for  the  investigation  of  the  relation 
between  the  temperature  and  the  width,  the 
temperature  of  the  patch  was  changed  without 
loading.  The  dimension  of  the  specimen  was 
9cmx4cmxlmrn.  Figure  6  shows  that  the 
FWQM  was  linearly  decreased  as  the 
temperature  increased.  This  result  corresponds 
well  with  the  theory.  FWHM  also  showed  the 
same  tendency  though  the  data  curve  was  not 
smooth  because  of  the  side-lobes  of  the 
spectrum. 

Finally,  the  laminate  patch  itself  was 
loaded  at  25°C,  38°C,  and  58°C.  The  dimension 
of  the  specimen  was  15cmxlcmxlmm.  As 
shown  in  FigJ,  the  changes  of  the  data  were  not 
linear.  The  reason  may  be  that  the  spectrum  after 
embedment  was  disturbed  by  the  stress 
concentrations  around  the  voids  in  the 


89 


epoxy-ply. 

FWQMs,  however,  were  increased  by 
the  strain  at  all  temperatures.  This  was  because 
Poisson’s  effect  was  different  between  along  the 
width  direction  and  along  the  thickness  direction 
due  to  the  large  stiffness  of  CFRP.  In  addition,  it 
was  shown  that  the  spectrum  at  the  lower 
temperature  was  wider  than  that  at  the  higher 
temperature  in  this  experiment.  It  also 
corresponded  well  with  Fig.6. 

4.  Conclusions 


0.8 


20  40  60  80 


Tempcraturc[t] 

Fig.6  Change  of  the  width  of  the  spectrum 
by  the  temperature 


In  this  research,  two  types  of  smart 
patches  were  developed.  It  is  proved  that  they 
can  compensate  the  change  of  the  temperature 
well,  and  measure  the  strain  of  the  structure 
accurately. 

With  regard  to  the  hybrid  patch,  except 
for  a  slight  error,  the  strain  was  measured 
accurately.  To  improve  the  accuracy,  adhesive 
should  be  carefully  selected  since  the  adhesive 
used  in  this  research  did  not  endure  high 
temperature  and  high  load  well. 

In  the  study  of  the  laminate  patch,  it  was 
shown  that  the  width  had  a  linear  relation  with 
the  change  of  the  temperature  and  the  axial 
strain,  although  it  was  not  smooth.  In  all 
experiments,  it  was  found  that  the  changes  of  the 
FWQMs  were  nearer  to  a  linear  curve  than  those 
of  the  FWHMs.  It  is  expected  that  by  the  use  of 
an  FBG  sensor  with  a  smooth  spectrum,  the 
width  will  change  completely  in  proportion  to 
the  temperature  or  the  strain  as  Fig.6  shows. 

The  following  two  problems  should  be 
solved  for  the  numerical  analysis  of  the  laminate 
patch.  One  is  the  way  to  couple  two  spectra  in 
order  to  find  the  relation  of  the  difference  of  the 
two  central  wavelengths  and  the  width.  The 
other  is  to  calculate  the  strain  of  the  optical  fiber 
transferred  from  the  epoxy-ply. 


0.4 


0  1 - ' - ' 

0  0.5  1 

Strain[%] 

Fig.5  Change  of  the  width  of  the  spectrum 
by  transverse  loading 
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Fig.7  Change  of  the  width  by  loading:  (a)  at 
25°C,  (b)  at  38°C,  and  (c)  at  58°C 
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Abstract 

In  the  present  study,  internal  strain  moni¬ 
toring  of  a  molded  epoxy  using  an  embedded 
EFPI  optical  fiber  sensor  during  molding  has 
been  investigated.  First,  to  examine  measure¬ 
ment  ability  of  the  sensor,  experiments  on  in¬ 
ternal  strain  monitoring  of  a  cubic  molded 
epoxy  were  performed.  In  the  experiment,  two 
kinds  of  the  EFPI  sensors  having  different  stiff¬ 
ness  were  used.  The  strain  monitoring  ability 
of  the  sensor  was  investigated  and  effects  of 
its  stiffness  on  the  sensitivity  for  strain  mea¬ 
surement  was  also  examined.  Next,  experi¬ 
ments  were  performed  on  strain  monitoring 
for  an  epoxy  mold  having  a  cylindrical  shape 
and  including  a  steel  cylinder  in  its  center.  The 
sensor  was  embedded  in  the  location  where 
residual  stress  should  be  generated  in  order  to 
investigate  the  sensing  ability  for  measurement 
of  the  residual  stresses.  From  the  results,  it 
was  found  that  the  EFPI  sensor  can  monitor 
the  internal  strain  during  molding  and  has  the 
sensitivity  enough  to  detect  the  cure  shrink¬ 
age  strain. 

Key  Words:  EFPI  Optical  Fiber  Sensor,  Ep¬ 
oxy,  Molding,  Internal  Strain,  Monitoring 

l.Introduction 

The  volume  of  production  in  resin-molded 
products  including  metal  parts  like  as  step-up 
transformers  is  increasing  in  recent  years. 


These  products  have  a  problem  of  defects  such 
as  clacks  generated  in  the  cooling  stage  after 
heating  and  curing  of  resins  during  the  mold¬ 
ing.  These  defects  are  caused  by  residual  stress 
due  to  the  difference  between  the  thermal  ex¬ 
pansion  coefficient  of  the  resins  and  that  of 
the  metals.  It  is  important  to  decide  an  opti¬ 
mum  molding  condition  and  shape  of  the  em¬ 
bedded  metal  parts  in  order  to  suppress  the 
generation  of  the  residual  stresses.  For  real¬ 
ization  of  it,  a  real-time  monitoring  of  inter¬ 
nal  strains  in  the  molded  products  is  very  ef¬ 
fective.  Some  studies  on  the  measurement  of 
the  residual  stress  have  been  performed.  The 
measuring  methods  of  strains  used  in  them 
were  a  photoelastic  [1,2]  and  an  electric  resis¬ 
tance  wire  strain  gage  ones[3-5].  Recently, 
EFPI  optical  fiber  sensors  attract  considerable 
attention  as  a  strain  sensor  because  they  have 
many  excellent  features.  Especially,  they  are 
suitable  for  embedding  in  the  mold  because 
of  their  very  small  size. 

In  the  present  study,  a  real-time  monitor¬ 
ing  of  internal  strains  in  the  epoxy  resin  mold 
using  an  EFPI  optical  fiber  strain  sensor  has 
been  investigated.  First,  the  sensitivity  of  the 
sensor  for  measurement  of  internal  strains  was 
examined.  Next,  internal  strains  in  an  epoxy 
mold  including  an  metal  cylinder  were  mea¬ 
sured  in  the  molding  process.  Based  on  the 
results,  measuring  ability  of  the  EFPI  sensor 
for  internal  strain  monitoring  during  molding 
was  examined. 
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2.  Sensing  Ability  of  EFPI  Sensor 


Adhesive 


2.1  Experiments 

In  the  measurement  of  the  internal  strains  of 
epoxy  molds  during  molding,  FTI-buss500 
strain  measurement  system  (FISO  Technolo¬ 
gies,  Co.  Ltd.)  was  used.  It  uses  the  EFPI  op¬ 
tical  fiber  sensor  for  strain  measurement.  In 
order  to  examine  effects  of  the  sensor  stiff¬ 
ness  on  the  measurement  sensitivity,  two  types 
of  the  sensor  having  different  stiffness  were 
used.  They  have  the  same  structure  but  dif¬ 
ferent  diameters  in  the  sensing  part.  Their 
outer  diameters  are  200  V  m  and  310  fi  m. 
The  internal  diameter  is  the  same  for  the  two 
sensors.  The  sensor  of  200  jU  m  diameter  has 
a  lower  stiffness  because  the  thickness  of  the 
silica  glass  tube  in  the  sensing  part  is  thinner. 
A  schematic  diagram  of  the  sensing  part  in  the 
sensor  of  310  fJ  m  diameter  is  shown  in  Fig.l. 
In  the  experiments,  to  investigate  the  measure¬ 
ment  ability  of  the  EFPI  sensor,  internal  strain 
monitoring  for  a  cubic  mold  was  performed. 
The  shape  and  dimensions  of  the  cubic  mold 
are  shown  in  Fig.2.  The  EFPI  sensors  and  a 
thermocouple  are  embedded  in  the  center  of 
the  mold.  Bisphenol  A-based  epoxy  resins 
were  used  for  the  mold.  A  curing  agent  was 
an  alicyclic  acid  anhydride.  A  programmable 
constant  temperature  oven  was  used  for  cure 
of  the  epoxy  mold.  The  temperature  setting 
on  the  oven  for  the  cure  is  shown  in  Fig. 3. 
Natural  cooling  from  150°C  to  the  room  tem¬ 
perature  was  provided  for  the  epoxy  mold. 


Silica  gl^ss  tube 


Light  from 
source 


(A)/ Air  gap\ 


Reflected 

signal 


310nm 


Input/output  Gage  length  Reflector 
fiber  1.1mm  fiber 


Fig.l  Sensing  part  of  the  EFPI  optical 
fiber  sensor. 


EFPI sensor 


Fig.2  Cubic  epoxy  mold. 


2.2  Results  and  Discussions 
The  measurement  results  through  the  use  of 
the  EFPI  sensors  and  the  thermocouple  are 
shown  in  Fig. 4.  The  temperature  of  the 
molded  epoxy  is  higher  than  that  of  the  oven 
at  the  molding  time  of  about  4  hours(A  point). 
This  higher  temperature  is  caused  by  an  exo¬ 
thermic  reaction  of  the  cure.  After  that,  the 
temperature  of  the  mold  coincides  with  that 
of  the  oven.  The  EFPI  sensors  show  almost 
no  strain  for  about  4  hours.  After  that,  com¬ 
pressive  strains  are  measured,  then  tensile 
ones.  The  timing  of  this  detection  of  the  com¬ 
pressive  strains  coincides  with  that  of  over¬ 
heating  by  the  exothermic  reaction.  In  the 
early  period  in  the  molding,  the  EFPI  sensors 


Fig.3  Pattern  of  the  molding  temperature. 


can  not  detect  the  strain  because  the  epoxy 
does  not  have  a  stiffness  which  is  enough  high 
to  deform  the  sensing  part  of  the  sensor.  In 
the  cooling  stage,  the  sensors  detect  compres¬ 
sive  strain  caused  by  the  thermal  shrinkage. 
The  200 11  m  diameter  sensor  measures  higher 
compressive  strains  than  310  It  m  diameter 
one.  To  compare  the  strains  measured  with 
the  two  kinds  of  the  EFPI  sensors  in  curing 
stage  in  detail,  an  enlarged  view  of  the  strain 
change  is  shown  in  Fig.  5.  After  a  lapse  of  4 
hours,  the  compressive  strains  begin  to  be  de¬ 
tected.  Subsequently,  the  increasing  tensile 
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strains  are  measured  with  the  temperature.  The 
compressive  strains  detected  with  the  sensor 
are  thought  to  be  caused  by  cure  shrinkage, 
because  the  thermal  shrinkage  does  not  occur 
in  this  period.  The  tensile  strains  measured 
after  the  detection  of  the  compressive  strains 
are  caused  by  the  thermal  expansion  of  the 
molded  epoxy.  After  detection  of  the  tensile 
strains,  compressive  strains  are  measured  with 
the  sensors  despite  the  temperature  being  con¬ 
stant.  Because  no  thermal  shrinkage  occurs 
in  this  stage,  detection  of  the  compressive 
strains  means  that  the  sensors  detect  the  cure 
shrinkage.  In  this  curing  stage,  the  200  fl  m 
diameter  sensor  detects  higher  compressive 
and  tensile  strains  than  the  310  fl  m  diameter 
one.  This  fact  shows  that  the  sensor  with  a 
lower  stiffness  have  a  higher  sensitivity  than 
that  with  a  higher  stiffness.  Next,  in  order  to 
examine  the  strain  change  against  the  tempera¬ 
ture,  the  relations  between  the  strain  and  the 
temperature  are  shown  in  Fig.  6.  In  the  cool¬ 
ing  stage,  the  total  amount  of  the  compressive 
strain  measured  with  the  200  fl  m  diameter 
sensor  is  higher  than  that  with  the  310  fl  m 
diameter  one.  But  the  two  sensors  measure 
the  same  amount  of  the  strains  under  about 
100°C.  From  this  result,  it  is  found  that  the 
two  kinds  of  sensors  have  the  same  sensitiv¬ 
ity  when  the  epoxy  resins  have  a  higher  stiff¬ 
ness  than  a  certain  value. 

Next,  to  examine  the  relation  between  the 
stiffness  and  the  measuring  sensitivity  of  the 
EFPI  sensor,  FEM  analysis  was  performed. 
The  model  used  for  the  strain  analysis  was  an 
epoxy  resin  cylinder  including  the  sensor  in 
its  center.  The  results  of  the  calculation  are 
shown  in  Fig.7.  In  the  figure,  the  vertical  axis 
shows  the  ratio  of  the  strain  of  the  sensor  to 
the  epoxy  resin.  The  horizontal  axis  desig¬ 
nates  the  Young's  modulus  of  the  epoxy  resin. 
From  the  result,  it  is  found  that  the  sensor  of 
200  fl  m  diameter  shows  higher  sensitivity  in 
the  low  stiffness  area  but  the  two  sensors  have 
almost  the  same  sensitivity  in  the  high  stiff¬ 
ness  area.  This  analysis  result  coincides  with 
that  of  the  experiments. 

3.  Internal  Strain  Monitoring  of  Molded 
Epoxy  Including  a  Metal  Inclusion 


Fig.4  Temperature  and  strains  measured 
during  the  molding. 


Fig.5  Strains  measured  with  two  kinds  of 
EFPI  sensors  during  the  molding. 


Temperature  (*fc) 

Fig.6  Strains  versus  temperature  in  the 
cubic  mold  during  the  molding. 

3.1  Experiments 

In  the  experiment,  the  internal  strains  of  a 
molded  epoxy  including  a  metal  cylinder  are 
measured  with  the  embedded  EFPI  sensor 
during  molding.  The  experimental  setup  is 
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the  same  with  the  previous  one.  Fig.8  shows 
the  mold  and  the  position  of  the  EFPI  sensor 
and  the  thermocouple.  The  epoxy  mold  is  a 
cylinder  column  and  the  metal  inclusion  has  a 
little  complex  cylindrical  shape.  The  EFPI 
sensor  used  in  the  experiment  is  that  of  230 
fl  m  diameter. 

3.2  Results  and  Discussions 
Fig.9  shows  the  strain  measured  with  the  EFPI 
sensor  versus  the  temperature.  Under  about 
130°C,  the  sensor  does  not  detect  strains  like 
in  the  experiment  of  the  cubic  mold.  After 
detection  of  the  strain,  tensile  strains  are  mea¬ 
sured  due  to  the  thermal  expansion,  then  the 
compressive  ones.  In  this  result,  the  cure 
shrinkage  is  not  detected.  Both  the  tensile  and 
compressive  strains  are  small  in  comparison 
with  those  measured  in  the  cubic  mold  shown 
in  Fig.6.  The  compressive  strains  increase  lin¬ 
early  with  decreasing  temperature  in  contrast 
to  the  results  of  the  cubic  mold.  This  results 
show  that  the  steel  cylinder  restricts  the  dis¬ 
tortion  of  the  epoxy  resin  in  the  area  where 
the  sensor  is  located.  Therefore,  it  is  known 
that  the  residual  stresses  arise  in  the  location 
where  the  sensor  is  embedded.  Using  strain 
data  for  the  cubic  mold,  we  can  calculate  the 
residual  stress  in  the  cylindrical  mold  includ¬ 
ing  the  metal  inclusion. 

4.  Conclusions 

In  the  present  study,  internal  strain  moni¬ 
toring  of  the  molded  epoxy  using  the  embed¬ 
ded  EFPI  optical  fiber  sensor  during  molding 
has  been  investigated.  First,  the  sensitivity  of 
the  sensor  for  measurement  of  internal  strains 
was  examined.  Next,  internal  strains  in  the 
epoxy  mold  including  the  metal  cylinder  were 
measured  in  the  molding  process.  From  the 
results,  the  followings  were  made  clear.  The 
EFPI  sensor  has  a  good  sensitivity  for  inter¬ 
nal  strain  monitoring  enough  to  detect  cure 
shrinkage  of  the  epoxy  resin.  The  stiffness  of 
the  sensing  part  of  the  sensor  significantly  af¬ 
fects  its  sensitivity  for  strain  monitoring. 
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Fig.8  Cylindrical  mold  including  the  metal 
inclusion. 


Fig.9  Strains  versus  temperature  in  the 
cylindrical  mold  during  the  molding. 
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Abstract 

Newly  developed  small-diameter 
Fiber  Bragg  Grating  (FBG)  sensors,  whose 
cladding  was  40  pm  in  diameter,  were  em¬ 
bedded  in  -45°  ply  on  the  border  of  90°  ply 
in  [45/0/-45/90]s  CFRP  quasi-isotropic 
laminates.  Then,  reflection  spectra  from  the 
FBG  sensors  were  measured  at  various  ten¬ 
sile  stresses.  As  a  result,  the  reflection  spec¬ 
trum  became  broad  with  an  increase  in  the 
crack  density.  This  change  in  the  form  of  the 
spectrum  could  also  be  confirmed  by  the 
theoretical  calculation.  Thus,  it  was  found 
that  the  small-diameter  FBG  sensors  have  a 
potential  to  detect  the  occurrence  of  trans¬ 
verse  cracks  through  the  change  in  the  form 
of  the  spectrum,  and  to  evaluate  the  crack 
density  quantitatively  by  the  spectrum  width. 
Furthermore,  a  method  to  identify  crack  po¬ 
sitions  in  90°  ply  was  attempted  theoreti¬ 
cally. 

Key  Words:  CFRP,  Transverse  Crack, 
Quasi-Isotropic  Laminates,  Small-Diameter 
FBG  Sensor,  Health  Monitoring 

Introduction 

CFRP  composites  have  a  peculiar 
failure  process  which  involves  transverse 
cracks  and  delaminations.  When  trans¬ 


verse  cracks  occur,  the  strain  distribution  in 
the  laminates  becomes  non-uniform  near  the 
crack.  Therefore,  the  monitoring  of  the 
change  in  the  strain  field  could  reveal  the 
occurrence  of  transverse  cracks. 

Thus,  the  authors  have  applied  the 
small-diameter  FBG  sensors  for  detecting 
transverse  cracks  in  90°  ply  of  [O^fhjs 
CFRP  cross-ply  laminates[l].  In  this  re¬ 
search,  the  method  to  detect  transverse 
cracks  in  90°  ply  was  applied  to  CFRP 
quasi-isotropic  laminates.  Furthermore,  a 
method  to  identify  crack  positions  in  90°  ply 
was  attempted  theoretically. 

Experiments 

Materials 

Bragg  gratings  were  fabricated  to  have  pe¬ 
riodic  refractive  index  changes  in  the  core  of 
the  small-diameter  optical  fibers.  The  di¬ 
ameters  of  the  polyimide  coating,  the  clad¬ 
ding,  and  the  core  of  the  small-diameter  op¬ 
tical  fiber  are  52  pm,  40pm,  and  6.5  pm, 
respectively.  The  profile  of  the  apodization 
was  controlled  as  a  Gaussian  shape  in  order 
to  suppress  the  side-lobe  of  the  reflection 
spectrum[2].  These  FBG  sensors  were  em¬ 
bedded  in  CFRP  T800H/3631  (Toray  Indus¬ 
tries,  Inc.)  quasi-isotropic  laminates.  The 
laminate  configuration  was  [45/0/-45/90]s. 
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The  FBG  sensor  was  located  in  -45°  ply  on 
the  border  of  90°  ply  as  shown  in  Fig.l  and 
Fig.2.  Since  the  optical  fiber  was  embedded 
to  be  parallel  to  carbon  fibers  in  -45°  ply,  it 
was  hardly  broken  by  the  stress  concentra¬ 
tion  due  to  transverse  cracks. 

Measurements 

Quasi-static  tensile  load  was  applied  to  the 
specimen  by  a  material  testing  system  (In- 
stron  Corporation,  Load  Frame  5582)  at 
room  temperature.  The  loading  speed  was 
0.25mm/min.  Tensile  strain  was  measured 
with  the  strain  gauge  attached  on  a  surface 
of  the  specimen,  and  tensile  load  was  meas¬ 
ured  with  a  load  cell.  The  small-diameter 
optical  fiber  was  illuminated  by  a  broadband 
light  source  unit  (Ando  Electric  Co.,  Ltd., 
AQ63 10(155)),  and  the  reflection  spectrum 
was  obtained  by  using  an  optical  spectrum 
analyzer  (Ando  Electric  Co.,  Ltd.,  AQ6317). 
Transverse  cracks  that  occurred  in  90°  ply 
were  observed  by  a  replica  method. 


Optical  Fiber 


Fig.l  Schematic  of  a  CFRP  quasi  - 
isotropic  laminate  with  an  embedded 
small-diameter  FBG  sensor. 


Fig.2  Cross  section  at  A-A  in  Fig.l. 


Experimental  Results 

Figure  3  shows  a  transverse  crack 
density  p  in  90°  ply  measured  at  various  ten¬ 
sile  strains  e  through  the  loading/unloading 
test,  and  Fig.4  shows  the  reflection  spectra 
obtained  at  the  data  (A)-(E)  in  Fig.3.  While 
there  was  no  transverse  crack,  the  reflection 
spectrum  kept  its  shape  and  the  center 
wavelength  shifted  corresponding  to  the 
strain.  After  transverse  cracks  occurred,  the 
spectrum  shape  was  sensitively  deformed  as 
the  crack  density  p  increased. 

Analysis 

The  change  in  the  form  of  the  re¬ 
flection  spectrum  was  confirmed  by  theo¬ 
retical  calculation.  First,  the  non-uniform 
strain  distribution  in  the  FBG  sensor  was 
calculated  using  FEM  analysis  with 
ABAQUS  code.  The  CFRP  laminate  was 
analyzed  by  a  3D  model  that  included  trans¬ 
verse  cracks  in  90°  ply  and  the  FBG  sensor 
in  -45°  ply.  Next,  the  distributions  of  the 
grating  period  and  the  average  refractive  in¬ 
dex  along  the  FBG  sensor  were  obtained 
from  the  strain  distribution  in  the  FBG  sen¬ 
sor.  Then  reflection  spectra  were  calculated 
from  the  distributions  by  the  couple  mode 
theory  and  the  transfer  matrix  method. 
This  calculation  was  conducted  with  the 
software  "IFO_Gratings”  developed  by 
Optiwave  Corp. 


Fig.3  Crack  density  in  90°  ply  of  the 
quasi-isotropic  laminate  measured 
through  loading  /unloading  test. 
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tiwave  Corp. 

Calculated  reflection  spectra  are 
shown  in  Fig.5.  Similarly,  the  spectrum 
shape  is  deformed  in  accordance  with  the 
occurrence  of  transverse  cracks.  Thus,  the 
occurrence  of  transverse  cracks  in  90°  ply 
can  be  detected  from  the  change  in  the  shape 
of  the  reflection  spectrum. 

Discussion 


Correlation  between  Spectrum  Width  and 
Crack  Density 

Spectrum  widths  were  plotted  in  Fig.6  with 
the  transverse  crack  density.  The  spectrum 
width  was  defined  as  Full  Width  at  Quarter 
Maximum(FWQM)  and  normalized  by  the 
values  measured  before  loading.  Although 
the  calculated  FWQM  has  the  same  ten¬ 
dency  to  the  measured  one,  these  is  a  differ¬ 
ence  between  those  values  after  transverse 


Wavelength  (nm) 

Fig.4  Reflection  spectra  at  each  strain 
e  and  crack  density  p.  These  correspond 
to  the  data  (A) -(E)  in  Fig.3. 


cracks  occurred.  This  difference  may  be 
caused  by  the  inaccuracy  of  the  strain  dis¬ 
tribution  calculated  by  FEM  analysis  and  the 
inexact  optical  parameters  of  the 
small-diameter  FBG  sensor  used  for  the 
theoretical  calculation.  However,  Fig.6 
shows  that  there  is  a  similarity  between  the 
measured  FWQM  and  the  crack  density. 
Thus  FWQM  could  be  a  good  indicator  to 
evaluate  the  transverse  crack  density  quanti¬ 
tatively. 
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Fig.5  Calculated  reflection  spectra 
which  correspond  to  the  measured  spectra 
in  Fig.4. 
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Fig.6  Relationship  between  crack  den¬ 
sity  and  spectrum  width. 


97 


Crack  Position  Identification 

The  damage  identification,  especially  de¬ 
termination  of  crack  positions,  would  be 
significant  for  the  practical  structural  main¬ 
tenance.  In  this  section,  an  inverse  scatter¬ 
ing  algorithm[3]  was  applied  to  the  identifi¬ 
cation  of  cracks  in  CFRP  laminates. 

This  algorithm  can  reconstruct  the 
distribution  of  the  grating  period  and  the  av¬ 
erage  refractive  index  along  the  FBG  sensor 
from  the  complex  reflection  spectrum.  Since 
the  grating  period  changes  drastically  at  the 
positions  where  transverse  cracks  occurred, 
the  crack  positions  could  be  identified  ex¬ 
actly. 


In  this  paper,  the  complex  reflection 
spectrum  was  calculated  from  the  strain  dis¬ 
tribution  obtained  by  FEM  analysis,  since 
the  experimental  setup  to  measure  the  com¬ 
plex  reflection  spectrum  was  not  yet  pre¬ 
pared.  Then  the  grating  period  was  recon¬ 
structed  from  this  complex  reflection  spec- 
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Fig.7  The  reconstructed  grating  period 
profile  using  the  inverse  scattering  algo¬ 
rithm. 


trum  using  the  inverse  scattering  algorithm, 
as  shown  in  Fig.7.  The  positions  of  peaks  in 
the  grating  period  correspond  to  positions  of 
the  transverse  cracks  in  90°  ply  very  well. 

Conclusions 

In  this  research,  newly  developed 
small-diameter  FBG  sensors  were  applied  to 
the  detection  of  transverse  cracks  in  CFRP 
quasi-isotropic  laminates. 

The  reflection  spectrum  was  sensi¬ 
tively  deformed  as  the  transverse  cracks  in 
90°  ply  increased.  And  the  transverse  crack 
density  could  be  predicted  quantitatively  by 
the  monitoring  of  the  spectrum.  These 
changes  were  also  confirmed  theoretically. 

Furthermore,  it  was  found  theoreti¬ 
cally  that  the  positions  where  transverse 
cracks  occurred  could  be  predicted  from  the 
complex  reflection  spectrum  using  inverse 
scattering  algorithm. 
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Abstract 

This  paper  describes  development  ofhigh- 
functional  braided  composites  using  fiberoptic 
strain  sensors.  Optical  fibers  were  embedded 
warpwise  in  braided  composites.  Optical  power 
loss  measurement  and  strain  monitoring  during 
cure  and  tensile  tests  had  been  conducted.  Two 
types  of  strain  sensors,  fiber  Bragg  grating  (FBG) 
sensors  and  extrinsic  Fabry-Perot  interferomet¬ 
ric  (EFPI)  sensors  were  used  for  strain  measure¬ 
ment  in  this  study.  The  results  of  the  loss  mea¬ 
surement  during  cure  and  tensile  tests  showed 
that  the  employed  integration  design  of  optical 
fibers  into  braided  composites  was  suited  for 
strain  measurement.  The  experimental  results  of 
cure  monitoring  shows  that  strain  behaviors  of 
these  sensors  were  almost  same  at  the  cooling 
stage.  From  the  results  of  strain  monitoring  on 
tensile  tests,  it  was  found  that  both  sensors  could 
measure  strain  correctly  up  to  0.8  %  strain,  while 
the  outputs  of  fiberoptic  sensors  became  differ¬ 
ent  from  strain  measured  by  a  attached  foil  gauge 
over  0.8  %  strain.  It  was  thought  that  damages 
of  fiberoptic  sensors  and  the  neighbor  affected 
their  strain  outputs. 

KeyWords:  Fiberoptic  sensors,  Braided  com¬ 
posites,  Cure  and  health  monitoring,  Strain  moni¬ 
toring 


Introduction 

In  the  present  paper,  smart  composites 
consisting  of  braided  composites  and  fiberoptic 
strain  sensors  have  been  developed.  Although 
there  are  many  researches  on  smart  composites 
using  fiber  reinforced  plastic  (FRP)  laminates, 
there  is  no  study  on  braided  composites  pos¬ 
sessing  smart  functions.  However,  braided  com¬ 
posites  have  good  suitability  for  integration  of  fi¬ 
ber-shaped  functional  components  because  fi¬ 
ber-shaped  components  can  be  integrated 
straightly  into  preform  as  warp.  Therefore,  func¬ 
tional  performance  of  the  integrated  functional 
components  can  be  maximized.  Fiberoptic  sen¬ 
sors  were  used  as  sensing  components  in  this 
study. 

Fiberoptic  sensors  are  powerful  sensors 
for  sensing  internal  state  such  as  strain,  stress, 
temperature  and  damages.  There  are  many  types 
of  fiberoptic  sensors  for  chemical  and  mechani¬ 
cal  sensing.  Fiberoptic  strain  sensors  have  been 
proved  to  have  good  availability  for  cure  and 
health  monitoring  of  composite  laminates,  fila¬ 
ment  wound  (FW)  composites  and  textile  com¬ 
posites.  Extrinsic  Fabry-Perot  interferometric 
(EFPI)  sensors  and  fiber  Bragg  grating  (FBG) 
sensors  are  often  used  for  the  purpose  [1-6]. 
The  present  study  applied  both  sensors  to  inter¬ 
nal  strain  monitoring  of  braided  composites  dur- 
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ing  molding  and  tensile  tests.  Optical  power  loss 
by  integration  was  also  investigated  for  enhance¬ 
ment  of  the  design. 

Experiment 

Specimen 

This  study  used  glass  reinforcements 
(ER1 1560-F165N,  Nippon  Electric  Glass)  and 
vinylester  resin  (Ripoxy  R-802,  Showa 
Highpolymer)  formanufacturingofbraided  com¬ 
posites.  Optical  fibers  were  knitted  warpwise  in 
braided  preforms  before  molding.  Figure  1  illus¬ 
trates  specimens  used  in  this  study.  A  single-mode 
optical  fiber  was  embedded  with  length  of  /  for 
measurement  of  optical  power  loss  as  shown  in 
Fig.  1(a).  A  fiberoptic  sensor  was  embedded  as 
shown  in  Fig.  1(b)  for  internal  strain  measure¬ 
ment.  Figure  1(c)  shows  the  side  view  of  the 
specimen  in  Fig.  1(a).  These  optical  fibers  were 
drawn  from  surface  of  these  specimens.  In  the 
molding,  optical  fibers  were  drawn  through  U- 
grooves  of  upper  steel  plate  to  prevent  optical 
power  loss  by  local  bending  at  egress  points  as 
shown  in  Fig.  2.  The  resin  was  cured  80  °C  for 
5  hours. 

Experimental  setup 

Measurement  systems  of  optical  power 
loss  and  internal  strain  are  illustrated  in  Fig.  3. 
The  optical  power  loss  measurement  system  used 
an  optical  loss  meter  (Anritsu  MT98 10 A)  con¬ 
sisting  of  high-stable  1 3 1  Onm  laser  diode  (LD) 
and  photo  detector  (PD)  units.  The  stability  of 
the  optical  loss  meter  was  about  0.06  dB  for  1 5 
hours. 

EFPI  sensors  used  in  this  study  have  a 
glass  capillary  tube  of  3 10  jam  diameter  to  sup¬ 
port  two  mirror-ended  fibers.  FBG  sensors  used 
in  this  study  use  single-mode  uncoated  fiber  of 
125  [im  diameter  and  they  have  Bragg  grating, 
which  are  periodical  index  variation,  in  the  fiber 
core.  The  strain  measurement  system  for  FBG 
and  EFPI  sensors  was  composed  of  a  super  lu¬ 
minescence  diode  (SLD),  an  optical  spectrum 
analyzer  (OS A;  Anritsu  MS97 1 0)  and  an  opti¬ 
cal  directional  coupler.  The  measured  spectra 
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Fig.l  Braided  composites  specimen  with  em¬ 
bedded  fiberoptic  sensor  (  (a)  for  optical 
power  loss  measurement;  (b)  for  strain  mea¬ 
surement;  (c)  side  view  of  (a);  unit :  mm) 

Base  braided  composites  Upper  plate 

Optical  fiber 
Spacer 

Fig.2  Egress  of  optical  fiber  in  molding. 


Fig.3  Measurement  systems 
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were  sent  to  PC  and  then  software  computed 
strain  from  them.  The  strain  output  of  FBG  sen¬ 
sor  was  obtained  from  Bragg  wavelength  shift 
and  temperature  variation  [7].  Temperature  was 
measued  by  an  attached  thermocouple  in  mold¬ 
ing.  As  for  EFPI  sensor,  the  cavity  length  was 
obtained  by  measuring  a  period  of  transfer  func- 
tion  of  the  reflected  spectrum  in  wavenumber  do¬ 
main.  EFPI  sensors  used  in  this  study  have  low 
temperature  sensitivity  of  about  0.00625x1 0"6/ 
°C. 

Experimental  Results  and  Discussions 

Measurement  of  optical  power  loss 

Optical  power  loss  was  measured  during 
molding  and  tensile  tests.  Although  the  loss  in¬ 
creased  by  0.7  dB  in  the  molding,  the  value  was 
so  small  that  it  did  not  affect  reliability  offiberoptic 
sensors.  Results  of  optical  power  loss  measure¬ 
ments  during  0.8%  tensile  tests  were  shown  in 
Fig.  4  with  their  different  embedded  lengths.  The 
results  showed  there  was  no  strong  correlation 
between  embedding  length  and  optical  power 
loss.  Therefore,  it  appears  that  the  stability  of 
optical  power  is  governed  mainly  by  egress  con¬ 
figuration  of  embedded  fibers.  It  means  that  long 
optical  fibers  embedded  in  braided  composites 
may  have  good  stability.  Therefore,  it  was  found 
that  the  embedding  configuration  used  in  this 
study  was  good  for  using  optical  fiber  sensors. 

Measurement  of  internal  strain 

Internal  strain  profiles  measured  by  FBG 
and  EFPI  sensors  in  curing  process  are  plotted 
against  time  with  temperature  in  Fig.  5.  Both  sen¬ 
sors  could  detect  tensile  strain  at  the  heating  stage 
and  compressive  strain  at  the  cooling  stage.  How¬ 
ever,  the  detected  strain  in  molding  by  the  FBG 
sensor  was  different  from  by  the  EFPI  sensor.  It 
can  be  considered  that  difference  of  stiffness  of 
these  sensors  affected  their  strain  sensitivity  due 
to  low-stiffness  resin  in  curing  process.  At  the 
cooling  stage,  both  sensors  detected  almost  the 
same  compressive  strain  as  each  other. 

Figure  6  shows  stress-strain  curves  from 
an  embedded  FBG  sensor  and  an  attached  foil 
strain  gauge  during  tensile  test.  It  was  found  that 


0.8 
0.7 
0.6 
a  0.5 
|  04 
>3  0.3 
0.2 
0.1 
0 

0  10  20  30  40  50  60  70  80 

Embedded  length  l  (mm) 

Fig.4  Relation  between  optical  power  loss  and 
embedding  length  of  fibers. 
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Fig.5  Strain  from  FBG  sensor  and  EFPI  sensor, 
and  temperature  vs.  time  in  curing  process. 


Fig.6  Stress-strain  curves  from  FBG  sensor  and 
foil  strain  gauge  on  tensile  test. 

FBG  sensors  could  measure  internal  strain  cor¬ 
rectly  up  to  the  strain  of  0.8  %.  At  that  strain, 
difference  of  the  curves  between  FBG  sensor 
and  foil  strain  gauge  increased.  Since  the  output 
of  the  FBG  sensor  jumped  discontinuously  at 
0.8%  strain,  it  can  be  considered  that  the  sens¬ 
ing  part  was  damaged.  To  investigate  behavior 
of  FBG  sensors,  FBG  spectrum,  which  gives  us 
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information  of  situation  of  the  sensor  itself  and 
the  neighbor,  was  observed  during  tensile  tests. 
Figure  7  shows  spectra  from  the  embedded  FBG 
sensor  at  various  strains.  Since  the  shape  of  the 
spectrum  changed  gradually  from  single  peak  to 
double  peaks  with  increasing  of  strain,  it  appears 
that  local  strain  distribution  around  FBG  sensor 
affect  the  reflected  spectrum.  However,  the  ex¬ 
perimental  results  proved  that  the  effect  of  dete¬ 
rioration  of the  spectrum  on  the  precision  of  strain 
sensing  was  minor.  At  0.8%  strain,  the  spectrum 
shape  varied  suddenly  to  multi  peaks.  Therefore, 
the  jump  of  strain  resulted  from  damage  of  FBG 
sensor  itself  and  the  neighbor. 

Figure  8  shows  stress-strain  curves  from 
an  embedded  EFPI  sensor  and  an  attached  foil 
strain  gauge  during  tensile  tests.  These  experi¬ 
mental  results  show  that  embedded  EFPI  sen¬ 
sors  in  braided  composites  could  measure  inter¬ 
nal  strain  over  2.0%  strain  although  the  correc¬ 
tion  of  strain  was  held  within  0.8  %  strain.  The 
error  of  strain  by  EFPI  sensor  in  large  strain  range 
was  produced  by  break  of  the  capillary  tube. 
However,  the  observation  of  spectrum  from 
EFPI  sensor  showed  good  interference,  which 
means  that  there  was  no  discrepancy  of  optical 
axis,  until  the  break.  Therefore,  it  was  found  that 
large  axial  strain  affects  the  precision  of  strain 
while  the  interferometer  can  be  alive  in  the  strain 
range. 


Conclusions 

The  strain  monitoring  of  braided  compos¬ 
ites  during  the  cure  and  the  tensile  tests  had  been 
conducted  by  using  embedded  FBG  and  EFPI 
sensors.  The  experimental  results  of  cure  moni¬ 
toring  shows  that  the  strain  behaviors  of  these 
sensors  were  almost  same  at  the  cooling  stage. 
From  the  results  of  tensile  tests,  it  was  found  that 
both  sensors  could  measure  strain  correctly  up 
to  0.8  %  strain,  while  the  output  of  fiberoptic 
sensors  showed  error  in  large  strain.  Therefore, 
it  is  concluded  that  internal  strain  monitoring  of 
braided  composites  by  fiberoptic  strain  sensors 
are  a  good  monitoring  method  in  small  strain 
range,  while  another  method  is  necessaiy  for  the 
strain  monitoring  in  large  strain  range. 


Fig.7  Spectra  from  FBG  sensor  on  tensile  test. 
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Fig.8  Stress-strain  curves  from  FBG  sensor  and 
foil  strain  gauge  on  tensile  test. 
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Abstract 

Using  optical  fiber  which  shows  high 
resistance  to  fracture,  fiber  reinforced 
plastics  have  been  developed.  Based  on 
composite  law,  the  estimated  stress-strain 
curve  was  calculated.  It  was  corresponded  to 
the  experimental  stress-strain  curve  obtained 
by  tensile  test. 

Key  Words:  Optical  fiber.  Bending  test, 
Tensile  test,  Health  monitoring.  Composite 

Introduction 

Health  monitoring  sensor  is  one  of 
recent  applications  of  optical  fiber  in  the 
engineering  fields  of  aerospace,  ship  and 
buildings[l].  Strain  sensor  to  measure  optical 
loss  is  the  simple  method  [2].  The  optical 
fiber  sensor  has  lately  become  high 
transparency  and  high  resistance  to  fracture. 
Therefore,  the  health  monitoring  provided  by 
optical  fiber  sensor  will  be  useful  for 
monitoring  structural  materials  for  a  wide 
variety  of  applications.  The  first  step  in 
producing  optical  fiber  composite  was  filling 
resin  around  arranged  optical  fibers. 
However,  it  is  easy  for  the  optical  fiber 


composite  materials  to  fracture  because  of 
chemical  reaction  between  resin  and  optical 
fiber  surface.  To  modify  the  mechanical 
properties,  optical  fiber  has  been  coated  by 
metal  [3],  Reaction  to  polymer  matrix  could 
be  stopped  by  metal  coating  on  surface  of 
optical  fiber.  The  optical  fiber  composites 
have  become  toughness.  Therefore,  the 
purpose  of  the  present  work  is  to  study  the 
enhancement  of  the  resistance  to  fracture  for 
optical  fiber  reinforced  plastics  (OFRP). 

Experimental  Procedure 

The  optical  fiber  (5  x  lO^m  in  diameter) 
was  cut  into  pieces  150  mm  in  length.  Figure 
1  shows  the  schematic  drawing  of  the  optical 
fiber  composite  sample.  Coating  on  surface 
of  the  optical  fiber  was  prepared  by 
spattering  process,  (model  no.,  VPS-20, 
Sinku  Kiko,  Co.,  Ltd.,  Yokohama).  The 
distance  between  samples  and  spattering 
target  is  60  mm.  The  target  was  Au  (more 
than  99.9  %).  Spattering  time  was  5  minutes. 
The  matrix  plastics  were  polyester.  The 
volume  fraction  of  composite  sample 
(150mm  x  10mm  x  1mm)  was  0.22. 


103 


Polyester 


prevents  reaction.  The  thickness  of  coating 
on  the  surface  was  about  500  nm. 


To  evaluate  fracture  resistance,  bending 
test  and  tensile  test  were  performed.  The 
tensile  testing  apparatus  (model  no, 
TMC-AUT-200L,  Tokyo  Koki,  Inc., 
Kanagawa)  was  used.  The  gage  length  was 
30  mm.  The  strain  rate  was  50  mm  per 
minutes.  The  bending  test  was  performed  as 
shown  in  Figure  2.  The  gage  length  of  the 
bending  test  on  measuring  strain  was  30  mm. 


Strain 


FIG.2  Schematic  drawing  of  bending  test. 


FIG.  3  Cross  section  of  the  optical  fiber 
composite  filled  in  resin. 


2.  Evaluation  of  fracture  resistance 

In  order  to  estimate  resistance  to 
fracture  of  optical  fiber  reinforced  plastics, 
tensile  test  was  performed.  Figure  4  shows 
the  stress-strain  curve  of  optical  fiber  and 
polyester.  The  stress  value  against  strain  of 
optical  fiber  was  higher  than  polyester’s 
value.  Optical  fiber  modulus  was  two  times 
higher  than  the  polyester’s  value,  and  shows 
high  resistance  to  fracture. 


The  strain  (e)  was  proportional  to  radius  [rc] 
of  optical  fiber  cross  section  and  inversely 
proportional  to  curvature  radius  [rc],  as  a 
following  equation. 

e=r0/rc  (1) 

Results  and  discussion 

1.  Coating  on  surface  of  the  optical  fiber 
Figure  3  showed  the  cross  section  of  the 
optical  fiber  composite  filled  in  resin.  Metal 
coating  on  surface  of  the  optical  fiber 


3.  The  comparison  calculated  values  with 
experimental  stress-strain  curve. 

The  composite,  which  contains  optical 
fiber  of  high  resistance  to  fracture,  has  high 
fracture  stress  by  the  reinforcement.  Based 
on  each  materials  values  and  composite  law, 
the  strength  of  optical  fiber  reinforced 
plastics  could  be  estimated.  The  stress  was 
expressed  by  a  following  equation. 

NSqf  oof  +  (Sp  ~ ~NSof )  op 
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Here,  n,  Sof.  Sp,  o  of  and  a  p  were 
number  of  optical  fiber,  cross  section  of 
optical  fiber,  cross  section  of  polyester,  load 
stress  of  optical  fiber,  and  load  stress  of 
optical  fiber.  Based  on  composite  law,  the 
estimated  stress-strain  curve  of  OFRP  was 
calculated.  The  calculated  OFRP  curve  was 
drowning  between  optical  fiber  curve  and 
polyester  curve  (see  Fig. 4).  To  confirm  the 
calculated  value,  the  experimental  curve  of 
optical  fiber  reinforced  plastics  (OFRP)  was 
obtained.  The  calculated  value  corresponded 
to  the  experimental  stress-strain  curve 
obtained  by  tensile  test  (see  Fig.  5). 


Strain  (xlO3) 

FIG.4  Stress-strain  curve  of  optical  fiber 
and  polyester  on  tensile  test. 


Strain  (xlO'3) 


FIG.5  Stress-strain  curve  of  optical  fiber 
composite  and  calculated  value 
based  composite  low. 

4.  Modulus  of  work  hardening 

True  stress  and  true  strain,  as  a 
following  equation  defines  the  modulus  of 
work  hardening. 

a=KfP  (3) 

Here,  cr,K,  e,  and  n  were  true  stress, 
constant  of  work  hardening,  true  strain  and 
modulus  of  work  hardening,  respectively. 

Figure  6  shows  the  change  in 
logarithmic  true  stress  (Log  G  )  against 
logarithmic  true  strain  (Log  s)  of  optical  fiber 
(OF),  polyester  and  optical  fiber  reinforced 
plastics(OFRP).  The  modulus  («)  and 
constant  (log  K)  of  work  hardening  for 
optical  fiber,  polyester  and  OFRP  were 
summarized  in  Table  1.  When  logarithmic 


true  strain  (Log  s)  is  less  than  1.8,  n  and 
log  K  values  of  OFRP  were  approximately 
equal  to  those  of  optical  fiber.  This  showed 
that  the  initial  work  hardening  of  optical  fiber 
dominated  that  of  OFRP.  On  the  other  hand, 
n  and  log#  values  of  OFRP  were 
approximately  equal  to  those  of  polyester 
above  1.8  of  Log  6.  This  was  concluded  that 
the  work  hardening  above  1.8  of  Log  ef 
OFRP  was  dominated  by  that  of  polyester. 


FIG.6  Change  in  Log  a  against  Log  e  of 
optical  fiber,  polyester  and  OFRP. 


Table  1  Modulus  («)  and  constant  (log  K) 
of  work  hardening  for  OF,  polyester  and 
OFRP. 


Log  K<1.8 

1.8<Log  K<2.2 

n 

Log  K 

n 

Log  K 

Optical  fiber 

0.38 

0.2 

0.48 

0.7 

Polyester 

0.32 

0.4 

0.52 

0.62 

OFRP 

0.4 

0.42 

0.5 

0.55 

5.  High  resistance  to  fracture  of  optical 
fiber  reinforced  plastics. 

Figure  7  shows  the  stress-strain  curve  of 
optical  fiber  and  polyester  on  bending  test. 
The  optical  fiber  reinforced  plastics  (OFRP) 
has  high  deformation  resistance.  The  bending 
modulus  of  OFRP  was  twenty  times  higher 
than  the  polyester’s  value. 


FIG.7  Stress-strain  curve  of  optical  fiber 
and  polyester  on  bending  test. 

Conclusion 

Based  on  composite  law,  the 
calculated  stress-strain  curve  was 
corresponded  to  measured  value  of  OFRP. 
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Abstract 

A  thermal  shape  memory  effect  (TSME) 
was  found  for  the  Ni80MnioGaio  alloy  film 
prepared  by  magnetron  sputtering  process. 
The  NisoMnioGaio  film  was  deposited  on 
poliimide  substrate.  The  structure  of  the 
sample  was  examined  by  means  of  XRD.  The 
thermal  expanded  bending  strain  induced  by 
thermal  shape  memory  effects  increased  at 
elevated  temperatures. 

Key  Words:  Shape  memory  effect,  NiMnGa, 
Thin  film. 

Introduction 

If  a  metallic  glass  sample  could  be 
heated  over  the  glass  transition  temperature 
(Tg)  and  could  be  converted  to  super  cooled 
liquid,  the  shape  memory  effects  were 
obtained  [1-3].  Sputtering  process  often 
forms  the  amorphous  structure.  To  form  the 
film  of  the  amorphous  structure  for  the 
thermal  shape  memory  alloy,  the  magnetron 
sputtering  process  has  been  performed. 
Various  kinds  of  applications  such  as 
micro-actuators  for  the  advanced  science  and 
technology  can  be  expected.  Furthermore, 
shape  memory  glass  should  be  useful  for 
micro-actuator  in  hard  environmental 
conditions  of  radiation  damage  [3].  To 
confirm  the  adaptability  to  shape  memory 
material,  we  have  studied  the  thermal  shape 
memory  effect  of  NigoMnioGaio  metallic 


glass,  because  glass  transition  has  often 
induces  reversible  shape  memory  effects. 
The  reversible  shape  memory  metallic  glass 
has  been  mainly  induced  by  volume  change 
near  Tg.  It  is  easy  for  the  glass  transition  to 
induce  shape  memory  effect  with  the  large 
thermal  expanded  bending.  Therefore,  the 
shape  changes  have  been  also  studied  of 
bimetal  constructed  by  poliimide  and 
NisoMnioGaio  amorphous  alloy  sheets. 

Experimental 

NigoMnioGaio  films  were  prepared  by 
using  RF  magnetron  sputtering  process  (see 
Fig.l).  The  sputtering  conditions  were 
summarized  in  Table  1.  The  sputtering  was 
performed  under  4.0  x  10-4  Pa  total  gas 
pressure  with  2.0  Pa  of  Ar  gas  partial  pressure, 
sputtering  power  was  150  W  and  sputtering 
time  was  14400  s.  The  NiMnGa  films  were 
deposited  on  poliimide  substrate.  The  sample 
thickness  was  about  200  nm.  The  chemical 
composition  was  analyzed  by  energy 
dispersion  X-ray  spectroscopy  (EDS: 
JSM-6301F,  JEOL).  The  NiMnGa  film 
composition  was  Ni-10at%Mn-10at%Ga.  The 
cross-section  morghorgy  of  the  film  was 
observed  by  field  emission  scanning  electron 
microscopy  (SEM:  JSM-6000SeriesJEOL). 
The  structure  was  analyzed  by  means  of  X-ray 
diffraction  (XRD:  MRD, Philips.).  Figure  2 
was  schematic  diagram  of  TSME  measuring 
system.  The  thermal  shape  memory  effect  was 
recorded  by  CCD-video  camera  [4-8]. 
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Fig.  1  Schematic  diagram  of  magnetron  sputtering 
apparatus. 


Fig.2  Schematic  diagram  of  TSME 
measuring  system. 


Table  1  Sputtering  condition 


Total  gas  Pressure 

4.0x10  4  Pa 

Ar  gas  partial  pressure 

10  Pa 

Sputtering  gas 

Argon 

Sputtering  pow  er 

150  W 

Sputtering  time 

14400  s 

Back  Sputtering  time 

180s 

Pre  sputtering  time 

600s 

Substrate 

poliimide 

Substrate  temperature 

300±2K 

Results  and  discussion 
Sample  morphology 

Figure  3  shows  the  SEM 
microphotograph  of  NisoMnioGaio  thin  film. 
The  cross-section  morphology  was  a  fine 
texture.  Since  the  fine  texture  shows  the  high 
anisotropy,  it  could  be  expected  to  be  high 
sensitivity  for  the  thermal  expanded  bending. 
Fine  texture  could  be  obtained  of 
NisoMnioGaio  thin  film. 


[About  240110^ 


Surface  1  Section  f  Substrate 

FigJ  Cross-section  SEM  microphotograph, 
NiaoMnidGaiothin  film  is  fine  texture. 
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Intensity 


Sample  structure 

The  result  of  XRD  is  shown  in  Figure  4. 
The  sample  structure  was  amorphous. 
Although  SEM  microphotograph  (Fig.2)  was 
fine  texture  morphology,  shape  crystal  peak 
obtained  by  X-ray  diffraction  pattern  shows 
amorphous  structure. 


16  18  20  22  24  26  28 
Diffraction  angles,  20,  degree. 


Fig.4  Film  surface  X-ray  diffraction  pattern 
ofNisoMnioGaio  thin  film. 

Shape  memory  effect 

Figure  5  (a),  (b)  and  (c)  are  the 
photograph  which  show  thermal  shape 
memory  effect  of  Ni8oMnioGaio  thin  film 
deposited  on  poliimide  substrate.  The  film 
was  bended  by  residual  stress  at  room 
temperature,  as  shown  in  Fig.  4(a).  The 
straight  shape  of  sample  was  found  in  Fig. 
4(b)  because  of  relaxation  by  heating. 
Namely,  the  heating  caused  giant  thermal 
expanded  bending.  However,  the  cooled 
sample  (see  Fig  4(c))  was  reversibly  bended. 

Figure  6  is  also  shows  the  schematic 
diagram  of  bending  displacement  of  the 
thermal  expansion.  The  bending 
displacement  was  expressed  by  Y/X,  where 
X  and  Y  were  length  values  as  shown  inFIg.  6. 


(a)  Before  heating  300  K. 


(c)  After  cooling  300  K 

Figi  The  photographs  of  thermal  shape  memory 
effect  induced  by  thermal  expansion  of 
NiaoMnioGaiolhin  film. 
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Substrate  (poliimide) 


Ni80Mn10Gai0thin  film 


Fig.6  Schematic  diagram  of  the  thermal  expanded 
bending. 

Figure  6  shows  the  change  in  the  thermal 
expanded  bending  displacement  and  temperature 
from  323K  to  473K.  The  thermal  expanded 
bending  displacement  was  reversible  from  423  to 
473  K. 

Conclusions 

Reversible  thermal  shape  memory  effects  from 
room  temperature  to  473  K  can  be  observed  for 
amorphous  NigoMnioGaio  texture  film  prepared  by 
magnetron  sputtering  process. 
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Fig.7  Change  in  thermal  expanded  bending 
displacement,  Y/X  against  temperature  (T)  of 
NisoMnioGaio  alloy  thin  film. 
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ABSTRACT 

A  new  PET-PE  Blockcopolymer 
having  high  molecular  weight  and  high 
impact  strength  has  been  developed  by  the 
reactive  processing  method,  which  was 
constructed  with  raw  materials  of  (1)  a  lot  of 
recovered  PET  bottle  flakes,  (2) 
considerable  amount  of  polyethylene  having 
carboxylic  acid,  (3)  a  small  quantity  of 
coupling  agent,  (4)  a  very  small  amount  of 
catalyst  and  followed  by  (4)  coupling 
reaction  with  extruding  machines  at  about 
300  °C .  The  Blockcopolymers  are  white 
crystalline  resin  and  have  good  physical  and 
mechanical  properties  like  commodity 
plastics,  especially  high  impact  strength  and 
low  brittleness  temperature.  And  their 
processabilities  are  excellent  in  comparison 
with  commercial  PET,  thus  they  can  greatly 
contribute  to  vast  usages  as  plastic  moldings 
and  also  effective  use  of  recycled  resources. 

KEYWORDS  :  PET-PE  Blockcopolymer, 
Reactive  Processing  Method,  High 
Molecular  Weight,  Low  Melt  Flow  Rate, 
High  Impact  Strength,  Low  Brittleness 
Temperature 

1.  INTRODUCTION 

DJK  had  developed  for  these  ten 
years  to  produce  a  new  PET  with  high 
molecular  weight,  low  melt  flow  rate  and 


high  melt  viscosity  from  recovered 
polyethylene  terephthalate  (PET)  bottles  or 
virgin  PET  as  prepolymers  by  reactive 
processing  method  [1].  The  New  PET  was 
transparent  glassy  resin  and  had  excellent 
processability  like  polyethylene  and 
polypropylene  and  also  physical  properties 
similar  to  PET,  but  had  poor  mechanical 
properties  at  the  low  temperature.  A  new 
PET-PE  Blockcopolymer(  tentatively  called 
High  Impact  PET  or  HI  PET)  having  high 
molecular  weight,  low  melt  flow  rate,  high 
impact  strength  and  low  brittleness 
temperature  has  been  developed  by  the 
similar  reactive  processing  method  in 
cooperation  with  FTEX  Inc.  [2], 

2.  PRODUCTION  METHOD 

Fig.l  shows  coupling  reaction 
mechanism  in  order  to  produce  PET-PE 
Blockcopolymer  with  linear  structure  from 
difunctional  epoxide  and  long  chain 
branched  structure  from  trifunctional 
epoxide  which  give  the  polymers  extremely 
high  melt  viscosity  and  high  swell  value. 
Actually  the  new  PET-PE  Blockcopolymer 
having  high  molecular  weight  and  high 
impact  strength  can  be  produced  by  the 
reactive  processing  method,  which  was 
constructed  with  raw  materials  of  (1) 
recovered  PET  bottle  flakes,  (2) 
considerable  amount  of  polyethylene  having 
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carboxylic  acid,  (3)  coupling  agent,  (4) 
catalyst  and  followed  by  (4)  coupling 
reaction  at  about  300°C.  Catalyst  is  most 
important  key  technology,  can  achieve  to 
increase  high  molecular  weight  within 
several  minutes  in  comparison  with 
commercial  PET  by  solid  phase 
polymerization  method  of  about  ten  hours. 

PRODUCTION  OF  HI  PET 
Table  1  presents  small-scale  production 
results(about  2  kg/h)  by  KURIMOTO:  SI 
extruder  with  twin  screw  of  25mm  diameter 
and  mechanical  properties  of  HI  PET  [2]. 
Recovered  PET  bottle  flakes  having  IV 
0.73dl/g  and  MFR(  280  °C,  lord  2.16Kg) 
60g/10min  was  used  as  prepolymer  and 
ethylene-  maleic  anhydride-  methylacrylate 
copolymer  having  MI(190°C,  lord  2.16Kg) 
8g/10min  was  used  as  polyethylene  (  PE  ) 
carboxylated.  Ethyleneglycol  diglycidyl 
ether  (D)  and  trimethyrolpropane  triglycidyl 
ether  (T)  (  D/T  ratio  =  75/25)  were  used  as 
coupling  agents,  and  alkali  metal  stearates 
were  used  as  mixed  catalysts.  HI  PET  had 
extremely  low  MFR  of  about  0.3  g/lOmin  in 
comparison  with  raw  material  of  PET  flakes 
and  PE  and  also  blend  of  them(  Fig.2). 

Table  2  presents  large  scale  production 
results  by  IKEGAI  :  PCM-70  extruder  with 
twin  screw  of  70mm  diameter  and  3  vacuum 
vents  and  brittleness  temperature  of  HI  PET 
thus  obtained.  Production  speeds  were  about 
50-100  kg/h  (industrial  scale  level  of  about 
25-50  ton/month). 

3.  RESIN  PROPERTIES 

HI  PET  contains  generally  about  17-33 
wt.%(  20~50phr)  of  polyethylene  unit,  has 
two  melting  points  of  about  98  and  250^3 
by  DSC  and  is  white  crystalline  resins.  For 
example,  Fig.2  shows  that  tensile  strength  at 
break  of  HI  PET  reduce  rapidly  into  15  Mpa 
with  increasing  PE  content  up  to  50  wt.% 
and  Izod  impact  strength  of  them  increase 
rapidly  into  490  J/m  with  increasing  PE 
content  up  to  50  wt.%.  And  also  Table  2 
shows  that  brittleness  temperature  of  them 
can  be  improved  drastically  into  -15*0  with 
increasing  PE  content  up  to  33  wt.%(  50 
phr).  These  basic  data  indicate  that  HI 


PET  with  PE  17  wt%(  20phr)  is  similar  to 
polypropylene  and  HI  PET  with  PE  33 
wt.%(  50phr)  is  similar  to  high-density 
polyethylene. 

4.  EXCELLENT  PROCESSABILITY 

HI  PET  has  highly  viscous  property  and 
high  melts  strength  due  to  introduction  of 
long  chain  branches(  LCB)  into  a  high 
molecular  weight  molecule.  Therefore,  it 
has  generally  MFR  (280T:,  2.16Kg  )  of  0.1 
' — 50g/l  0  min,  SWELL  (280T:,  2.16Kg)  of 
50^200%  and  high  melt  viscosity(280<C) 
of  over  10,000  Pa  •  s  in  comparison  with 
commercial  PET  with  linear  structure  and 
MFR  of  10~50g/10  min,  almost  zero%  of 
SWELL  and  low  melt  viscosity  of  about  70 
~300Pa  •  s  [1],  These  HI  PET  are 
excellent  proccesabilities  in  comparison 
with  commercial  PET,  can  be  processed  by 
conventional  equipments  for  polyolefins  at 
260 "-SOOT)  into  various  forms,  such  as 
blown  bottles,  tublar  film,  extruded  T-die 
sheet,  injected  mold  products  and  foamed 
products.  Especially  HI  PET  with  low 
brittleness  temperature  and  high  impact 
strength  is  suitable  for  packaging  material 
and  so  can  greatly  contribute  to  vast  usages 
as  plastic  moldings  and  also  effective  use  of 
recycled  resources. 

5.  Conclusions 

PET-PE  Blockcopolymers  are  still  under 
development  and  resin  and  mold  products 
samples  are  not  generally  available  at  this 
moment.  Situation  for  providing  resin 
samples  would  be  improved  in  the  end  of 
200 1 .  DJK  and  FTEX  have  applied  several 
original  patent  applications  in  Japan,  U.S.A. 
and  Europe  etc. 
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Abstract 

A  metallic  closed  cellular  material 
containing  organic  materials  has  been 
developed.  Powder  particles  of  polymer 
coated  with  a  nickel-phosphorus  alloy  layer 
using  electroless  plating  were  pressed  into 
pellets  and  sintered  at  high  temperature.  A 
metallic  closed  cellular  material  containing 
organic  material  was  then  fabricated. 

The  compressive  tests  were  carried  out. 
This  material  has  the  different  stress-strain 
curves  among  the  specimens  that  have 
different  thickness  of  the  cell  walls.  And  also 
the  results  of  the  compressive  tests  show  that 
this  material  has  high-energy  absorption  and 
Young’s  modulus  of  this  material  depends  on 
the  sintering  condition.  In  addition,  it  seems 
that  this  material  has  a  large  ultrasonic 
attenuation  coefficient.  The  obtained  results 
emphasize  that  this  metallic  closed  cellular 
material  can  be  utilized  as  energy  absorbing 
material  and  passive  damping  material. 

Key  Words:  Closed  Cellular  Material, 
Sintering,  Isostatic  Pressing,  Eenergy 
Absorbing,  Passive  Damping. 

Introduction 

At  many  current  research  projects, 
for  smart  structures  are  been  developing. 
Particularly,  vibration  control  systems  and 


energy  absorbing  systems  are  required  to 
insure  the  safety  of  transport  facilities. 
Therefore,  materials  for  the  smart  structures 
are  becoming  important  in  terms  of  vibration 
control  and  energy  absorbing  systems. 

Recently,  cellular  materials  are 
receiving  renewed  attention  as  structural  and 
functional  materials.  Cellular  materials  have 
unique  thermal,  acoustic  and  energy  absorbing 
properties  that  can  be  combined  with  their 
structural  efficiency[l].  Therefore,  many 
kinds  of  cellular  materials  have  been  tested  as 
damping  and  energy  absorbing  materials. 
Particularly,  the  closed  cellular  materials  are 
thought  to  have  many  favorable  properties  and 
applications.  However,  there  is  a  lack  of 
technique  to  produce  such  fine  closed  cellular 
materials  except  for  the  gas  forming  [2-7],  the 
sintering  of  hollow  powder  particles  [8]  and 
the  two-dimensional  honeycomb  structures 

[13- 

In  this  study,  a  new  method  to 
produce  a  metallic  closed  cellular  material 
containing  organic  materials  has  been 
developed.  In  addition,  the  mechanical  and 
ultrasonic  properties  of  this  material  are 
measured.  The  utilities  of  this  material  are 
then  discussed. 

Conceptual  Process 

The  schematic  process  flow  diagram 
of  the  metallic  closed  cellular  material 
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fabricating  process  is  shown  in  Fig.  1.  The 
process  is  as  follows:  1)  Powdered  polymer 
particles  are  coated  with  a  metal  layer  using 
electroless  plating.  2)  The  powder  particles 
are  pressed  into  pellets  (green  compacts)  by 
cold  isostatic  pressing.  3)  After  sintering  at 
high  temperature  in  a  vacuum,  the  closed 
cellular  material  is  produced. 

Experiments 

Preparing  the  metallic  closed  cellular 
material 

A  thermal  plastic  polymer, 
polystyrene,  particles  of  10pm  diameter 
(Japan  Synthetic  Rubber  Co.,  Ltd.)  was 
selected  for  this  study.  These  polystyrene 
particles  were  coated  with  a  nickel- 
phosphorus  alloy  layer  (about  0.19-0.46pm 
thick)  using  electroless  plating  [9].  These 
particles  were  pressed  into  pellets  (green 
compacts)  with  about  8  mm  diameters  and 
about  8  mm  long  by  isostatic  pressing  at 
200MPa  and  90°C.  After  this,  these  green 
compacts  were  sintered  for  1  h  at  800°C  and 
850°C  in  a  vacuum. 


Metallic  Closed 
Cellular  Material 


Fig.  1.  Flow  diagram  of  metallic  closed 
cellular  material  fabricating  process. 


Characterization 

The  microstructure  of  the  green 
compacts  before  sintering  and  the  cross- 
sections  after  sintering  were  observed  using  a 
scanning  electron  microscope  (SEM).  To 
observe  the  cross-section  of  this  material,  the 
specimen  was  cut  and  the  cross-section 
surface  was  polished  using  emery  paper 
(#600)  and  then  A1203  powders.  To  measure 
the  mechanical  properties,  compressive  tests 
were  performed  at  room  temperature.  In 
addition,  ultrasonic  measurements  were 
carried  out  to  estimate  the  attenuation 
coefficient  of  this  material.  The  measurement 
was  carried  out  with  a  6.4  mm  diameter  probe 
generating  a  longitudinal  wave  of  10MHz  at 
room  temperatures. 


Results 

Microstructural  observation 
Figure  2  shows  an  SEM  image  of  the  green 
compact  after  cold  isostatic  pressing.  The 
polystyrene  particles  were  deformed  to 
polyhedra  by  isostatic  pressing.  The  surface  of 
the  polystyrene  particles  coated  with  the 
nickel-phosphorus  alloy  exhibited  facets.  An 
SEM  image  of  the  cross-section  of  this 
material  after  sintering  at  850°C  is  shown  in 
Fig.  3.  In  this  figure,  the  cell  walls  of  the 
nickel-phosphorus  alloy  are  observed  as  bright 
parts  and  the  material  inside  the  cell  walls  is 
observed  as  the  darker  parts. 

Compressive  test 

Compressive  tests  were  carried  out  at  room 
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temperature.  A  typical  example  of  the 
compressive  test  results  is  shown  in  Fig.  4  (a) 
and  (b).  Figure  4.  (a)  and  (b)  show  the  stress- 
strain  curves  of  this  closed  cellular  materials 
that  have  different  thickness  of  the  cell  walls 
sintered  at  800 °C  and  850°C ,  respectively. 
The  stress-strain  curve  shows  a  linear  elastic 
region,  a  long  plateau  where  the  stress 
gradually  increases  and  a  wavy  region  where 
the  stress  repeatedly  decreases  and  increases. 
In  addition,  the  plateau  stress  of  this  material 
sintered  at  850°C  is  higher  than  that  of  this 
material  sintered  at  800°C. 

Ultrasonic  measurement 
The  ultrasonic  attenuation  was  measured  at 
room  temperature.  The  attenuation  coefficient 
(about  2.8  -  4.8  dB/cm)  is  larger  than  that  of 


Fig.  2.  SEM  image  of  green  compact. 


Fig.  3.  Cross-section  of  the  metallic  closed 
cellular  material  after  isostatic  pressing. 

(a) 


Fig.  4.  Compressive  stress-strain  curve  for 
metallic  closed  cellular  material  sintered  at 
800  °C  (a)  and  850  °C  (b). 

metallic  materials,  but  smaller  than  that  of 
polystyrene  (15.2dB/cm). 

Discussion 

Metallic  closed  cellular  material 
A  metallic  closed  cellular  material  has  been 
developed  in  this  study.  The  density  of  this 
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material  is  from  1.23  to  2.31g/cm3  which  is 
smaller  than  that  of  an  aluminum  alloy.  As  Fig. 
2  shows,  the  polystyrene  particles  were 
deformed  to  polyhedra  by  isostatic  pressing. 
Also,  Fig.  3  shows  that  ceil  walls  of  a  nickel- 
phosphorus  alloy  are  observed  as  bright  parts 
and  the  material  inside  the  cell  walls  is 
observed  as  darker  parts.  The  amount  of 
emitted  secondary  electrons  per  a  primary 
electron  of  the  organic  material  is  smaller  than 
that  of  metals.  During  polishing,  only  0.05pm 
A1203  powders  were  used.  Therefore,  the 
material  inside  cell  walls  is  thought  to  be 
polystyrene  or  organic  material.  This  result 
indicates  that  the  organic  material  remains 
inside  of  the  cell  walls  after  heat  treatment  at 
850  °C  and  this  metallic  closed  cellular 
material  including  the  organic  material  can  be 
produced  using  this  technique. 

Energy  absorption 

As  shown  in  Figs.  4  (a)  and  (b),  the  stress- 
strain  curve  has  a  linear  elastic  region,  a  long 
plateau  region  and  a  wavy  region.  After  the 
linear  elastic  region,  cracks  occur  in  the 
direction  parallel  to  the  stress  axis.  Comparing 
Figs.  4  (a)  and  (b),  the  plateau  stresses  of  the 
specimens  sintered  at  are  higher  than  that  of 
the  specimens  sintered  at  800  °C .  As  the 
presence  of  the  plateau  in  the  compressive 
stress-strain  curve  is  responsible  for  the  high 
energy  absorption.  This  metallic  closed 
cellular  material  seems  to  have  a  high-energy 
absorbability.  And  it  seems  that  this  energy 
absorbability  can  be  controlled  by  changing 
the  sintering  conditions. 

Attenuation  coefficient 
The  attenuation  coefficient  of  this  material 
(about  3.8-4.8  dB/cm)  is  larger  than  that  of 
metallic  materials,  but  smaller  than  that  of 
polystyrene  (15.2dB/cm).  These  results 
suggest  that  this  material  can  be  utilized  as  a 
passive  damping  material. 


Conclusion 

A  closed  cellular  material  containing 
polystyrene  has  been  developed.  This  metallic 
cellular  material  is  very  light  and  has  a  high 
energy  absorption  and  a  large  ultrasonic 
attenuation  coefficient.  The  obtained  results 
emphasize  that  the  metallic  closed  cellular 
material  can  be  utilized  as  an  energy 
absorbing  material  and  passive  damping 
material. 
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ABSTRACT 


This  paper  describes  development  of  an  active  and  sensitive  composite  based  on  a  simple 
metal  composite.  To  realize  this  material  system,  continuous  titanium  fiber  was  embedded  in 
aluminum  matrix  together  with  stainless  steel  reinforcement  fiber,  of  which  surface  was 
oxidized  to  be  insulated  from  matrix  to  form  a  heater  and  a  temperature/strain  sensor.  It 
successfully  actuated  and  sensed  with  the  multi-functions  of  the  embedded  TiOi/Ti  fiber. 


1.  INTRODUCTION 

The  authors  have  developed  a  temperature  and  strain  sensor  by  embedding  surface  oxidized 
nickel  (NiO/Ni)  fiber  in  aluminum  matrix  [1].  In  this  study,  one  more  function  as  a  heater  was 
tried  to  be  added  by  using  titanium  fiber  because  its  electrical  resistance  is  much  higher  than 
that  of  nickel. 

An  active  and  sensitive  material  was  also  tried  to  be  developed  based  on  this  material  system 
and  embedded  with  stainless  steel  fiber  as  reinforcement. 


2.  EXPERIMENTAL 


Pure  aluminum  plates  of  0.2  and  0.4mm  thickness,  30mm  width  and  length  were  used  as 
matrix.  Titanium  fiber  of  0.15mm  diameter  and  99.5%  purity  was  used  as  functional  fiber  and 
SUS304  stainless  steel  fiber  was  used  as  reinforcement. 
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Fig.  1  Fabrication  of  the  TiO/Ti  fiber  embedded  aluminum. 


Measurement  of  thermal 
electromotive  force 
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Fig.  2  The  specimen  for  measurement 
of  temperature. 
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Measurement  of  electrical  resistance 

Fig.  3  The  specimen  for  tensile  test  and 
measurement  of  electrical  resistance. 


Fig.  4  Cross  sections  of  the  materials  piled  up  for  hot  pressing. 


The  titanium  fiber  was  oxidized  at  1073K  and  for  1.8ks  in  air  in  an  electric  furnace  to  obtain 
TitVTi  fiber.  This  composite  fiber  was  arranged  in  the  U-grooves  made  on  a  0.4mm  thick 
aluminum  plate  and  they  were  covered  with  a  0.2mm  thick  aluminum  plate  as  shown  in  Fig.  1. 
These  materials  were  hot  pressed  under  the  condition  of  798K,  16.4MPa  and  1.8ks  in  air. 

The  specimen  shown  in  Fig.  2  was  cut  out  from  the  hot  pressed  sample  and  a  temperature 
gradient  was  given  on  it  by  heating  one  end  of  it  and  cooling  the  other  end,  which  was 
measured  with  a  K-type  thermocouple.  A  circumferential  notch  was  already  made  on  the 
TiO/Ti  fiber  at  the  middle  of  it  to  remove  Ti02  layer  and  make  direct  contact  between 
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titanium  and  aluminum  to  form  a  thermocouple  at  this  position.  This  temperature  obtained  by 
the  embedded  fiber  was  compared  with  that  obtained  with  the  K-type  thermocouple. 

Strain  measurements  were  undertaken  by  using  the  specimen  shown  in  Fig.  3  under  the 
crosshead  speed  1 X  10'4mm/s  of  an  Instron  type  tensile  test  machine. 

An  active  and  sensitive  composite  was  tried  to  be  fabricated.  As  shown  in  Fig.  4,  U-grooves 
were  made  on  0.2mm  thick  aluminum  plate  and  TiC>2/Ti  fibers  with  notches  and  stainless  steel 
fibers  were  arranged  in  them.  A  specimen  of  8mm  wide  and  30mm  long  shown  in  Fig.  5  was 
cut  out  from  this  sample.  There  are  four  Ti02/Ti  fibers  of  which  outer  side  ones  were  used  as 
heaters  and  inner  side  one  was  used  as  a  temperature  or  strain  sensor.  At  the  beginning,  the 
current  value  was  set  at  0.2A  and  all  measurements,  that  is,  curvature  measurement, 
temperature  and  resistance  measurements  by  the  embedded  fiber,  surface  temperature 
measurement  with  a  K-type  thermocouple  were  made  between  0.3  and  0.36ks  after  the  start  of 
heating.  After  the  all  measurements  were  undertaken,  the  current  was  increased  by  0.2A  and 
the  measurements  were  repeated. 


3.  RESULTS  AND  DISCUSSION 

3.1  Evaluation  of  the  TiO^Ti  Fiber  The  Ti02/Ti  fiber  could  be  embedded  in  aluminum 
matrix  without  fracture  of  its  TiC>2  layer  when  hot  pressed  under  the  condition  of  823K  and 
1.8ks  in  air,  where  the  thickness  of  its  TiC>2  layer  is  about  2.5  um. 

Thermal  electromotive  force  of  the  TiC>2/Ti  fiber  against  aluminum  monotonously  increased 
with  increasing  temperature  up  to  about  700K,  which  proved  its  possibility  as  a  temperature 
sensor  of  this  temperature  range.  Making  use  of  this  result,  the  temperature  measured  with  the 
embedded  Ti02/Ti  fiber  was  obtained  as  373K  which  coincided  well  with  the  temperature 
370K  on  the  surface  just  above  the  notch  obtained  with  a  K-type  thermocouple,  which  means 
the  embedded  fiber  is  working  as  a  temperature  sensor  at  the  notched  position. 

Due  to  the  linear  relationship  between  strain  of  the  tensile  specimen  and  the  electrical 
resistance  of  the  embedded  fiber,  the  fiber  is  able  to  work  as  a  strain  sensor. 

3.2  Evaluation  of  the  active  composite  In  Fig.  6,  relation  between  the  curvature  and  the 
surface  temperature  of  the  active  composite  is  shown.  According  to  this  figure,  it  is  clear  that 
the  embedded  fibers  are  working  as  heaters  and  curvature  of  the  composite  increases  with 
increasing  temperature. 

Relation  between  temperature  obtained  by  the  embedded  TiC>2/Ti  fiber  and  surface 
temperature  of  the  active  composite  is  given  in  Fig.  7,  which  shows  good  coincidence  of  the 
temperatures  even  after  deformation  of  the  active  composite  up  to  the  temperature  of  about 
500K.  According  to  this  result,  it  is  clear  that  curvature  of  the  active  composite  can  be 
monitored  by  the  temperature  measurement  with  the  embedded  fiber. 

Relation  between  electrical  resistance  of  the  embedded  TiC>2/Ti  fiber  and  surface  temperature 
of  the  active  composite  was  given  in  Fig.  8.  This  shows  a  linear  relationship  between  them, 
which  means  that  the  curvature  of  the  active  composite  can  be  monitored  by  this  resistance 
measurement  though  it  includes  the  both  effects  of  the  temperature  increase  as  well  as  the 
decrease  of  the  strain. 
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Measurement  of  thermal  electromotive  force 
or  electrical  resistance 

Aluminum  tapell 


Fig.  5  The  active  composite  with  embedded 
Ti02/Ti  fiber. 


300  400  500  600 

Temperature  of  specimen  surface/K 

Fig.  6  Effect  of  temperature  on  curvature 
of  the  active  composite. 


Fig.  7  Relation  between  temperature 
measured  by  embedded  Ti02/Ti  fiber  and 
temperature  of  specimen  surface. 


Temperalure  of  specimen  surface/K 


Fig.  8  Relation  between  electrical 

resistance  measured  by  embedded  Ti02/Ti 
fiber  and  temperature  of  specimen  surface. 


4.  CONCLUSIONS 


The  TiO/Ti  fiber  embedded  in  stainless  steel  fiber/aluminum  active  composite  worked  as  a 
heater  as  well  as  a  temperature/strain  sensor  for  thermal  actuation  of  the  composite  and  its 
deformation  sensor. 
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Abstract 

Dense  and  pore-free 

Sri.9Cao.iNaNb5Oi5  piezoceramics  with  the 
tungsten  bronze  structure  were  prepared  by 
spark  plasma  sintering  at  1000  -  1200°C  for 
5  min  in  vacuum,  followed  by  annealed  at 
1000°C  for  10  h  in  air.  Fully  densified 
ceramics  with  density  >  99.4%  TD  could  be 
achieved  when  sintered  above  1050°C, 
which  consisted  of  uniform  grains  with  2-6 
pm  in  size.  A  typical  P-E  hysteresis  loop 
was  observed  for  the  sample  sintered  at 
1200°C,  indicating  its  ferroelectrics.  The 
piezoelectric  properties  of  this  sample  were 
shown  as  follows:  Tc  =  290°C,  et/e0  =  1273, 
k3i  =  6.9%,  k33  =  15.1%,  d3I  =  87.0  PC/N  and  d33 
=  39.9  PC/N. 

1.  Introduction 

In  recent  years,  a  number  of  alkali  and 
alkaline-earth  niobates,  i.e.,  Sri.xBaxNb205 


(SBN),  Sr2NaNb5015  (SNN), 

Ba^S^Kj.yNayNbAs  (BSKNN), 

KsL^NbsOis  (KLN),  and  etc.,  have  been 
extensively  investigated  for  applications  in 
optoelectronics,  utilizing  their  large 
electro-optic  effects  or  large  non-linear  optic 
effects,  as  well  as  for  applications  in 
pryoelectric  detectors  and  piezoelectric 
transducers  and  actuators  [1].  Among  these 
niobates,  calcium-modified  strontium 
sodium  niobate  (Sr2.xCaxNaNb50i5,  SCNN) 
is  one  of  the  most  promising  ferroelectric 
and  piezoelectric  materials  having  the 
tungsten  bronze  structure  (TB)  [1,2].  Unlike 
strontium  barium  niobate  (Sri.xBaxNbsOi5, 
SBN),  very  few  reports  on  sintering  and 
properties  of  SCNN  materials  are  available 
in  the  literature.  It  is  hard  to  fabricate  dense 
SBN  ceramics  by  using  conventional 
sintering  techniques,  and  abnormal  grain 
growth  and  associated  crack  formation  are 
widely  observed  in  sintered  SBN  ceramics 
[3],  which  reduce  the  density  and  degrade 
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the  properties  as  well.  The  same  problems 
are  also  encountered  in  SCNN  ceramics 
when  the  conventional  pressureless  sintering 
technique  is  used. 

Spark  plasma  sintering  (SPS)  is  a 
recently  developed  technique  that  enables 
ceramics  to  be  fully  densified  at 
comparatively  low  temperatures  and  in  very 
short  times.  Recently,  Takeuchi  et  al.  [4,  5] 
has  successfully  prepared  dense  and 
fine-grained  BaTi03  and  PbTi03 
ferroelectric  ceramics  using  SPS.  In  the 
present  work,  this  novel  sintering  technique, 
namely  spark  plasma  sintering,  was 
attempted  to  densify  SCNN  ceramics,  and 
their  electric  properties  were  reported. 

2.  Experimental  Procedures 

Synthesis  of  calcium-modified 

strontium  sodium  niobate, 

Sr1.9Cao.iNaNb5Oi5,  was  conducted  using 
solid-state  reaction  routes  from  individual 
oxide  and  carbonate  powders:  SrC03, 
Na2C03,  CaC03,  Nb205.  The  raw  materials 
were  weighted  in  the  appropriate  molar  ratio 
and  ground  for  24  h  using  zirconia  balls  and 
ethanol.  The  powder  was  dried  at  60°C  and 
calcined  at  1150°C  for  8h  in  air.  The 
calcined  powder  was  ground  again  in  a 
mortar  and  sieved  through  a  60-mesh  screen. 
The  XRD  pattern  of  the  calcined  powder 
showed  a  single  phase  of  SCNN  according 
to  JCPDS  34-0429. 

The  powder  of  ~  3g  was  put  into  a 
graphite  die  with  an  inner  diameter  of  15mm, 
and  spark  plasma  sintering  was  subsequently 


carried  out  using  Dr.  Sinter  (Model 
SPS- 1030,  Sumitomo  Coal  Mining  Co.,  Ltd., 
Kanagawa,  Japan)  under  a  pressure  of  35 
MPa  in  vacuum.  The  sintering  temperatures 
varied  from  1000°C  to  1200°C,  and  the 
heating  rate  was  300°C/min.  After  holding 
for  5  min  at  the  sintering  temperature, 
samples  were  slowly  cooled  with  a  rate  of 
150°C/h.  The  spark  plasma  sintered 
ceramics  were  subsequently  annealed  at 
1 000°C  for  10  h  in  air  to  eliminate  carbon 
contamination  during  sintering.  For 
comparison,  conventional  sintering  of 
SCNN  ceramics  was  also  performed  by 
sintering  the  powder  compacts  at  1 240°C  for 
6  h  and  then  at  1 300  ~  1 380°C  for  25  h  in  air. 
The  heating  and  cooling  rates  were  both 
100°C/h. 

Densities  of  sintered  specimens  were 
measured  using  the  Archimedes  method. 
Theoretical  densities  of  SCNN  ceramics 
were  determined  from  the  mass  of  the 
constituent  ions  in  the  unit  cell  and  lattice 
parameter  data.  Microstructural  observations 
of  sintered  samples  were  conducted  using  a 
scanning  electron  microscope  (SEM,  Model 
S-5000,  Hitachi,  Japan).  The  polished 
specimens  for  SEM  observations  were 
thermally  etched  at  1200°C  for  1  h  in  air. 

The  dielectric  measurements  were 
made  at  frequency  of  1  kHz  on  silver-plated 
pellets  using  HP4294A  LCR  meter  over  a 
temperature  range  of  25°C  to  360°C.  The 
P-E  hysteresis  loop  was  observed  by  a 
Sawyer-Tower  Circuit  at  1  Hz.  The  poling 
was  conducted  by  applying  an  electric  field 
of  30  KV/cm  at  a  temperature  of  200°C  for 
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30  min  and  then  cooling  to  room 
temperature  while  maintaining  the  filed. 
Piezoelectric  properties  were  determined 
from  the  resonant  and  antiresonant 
frequencies  method. 

3.  Results  and  Discussion 
3.1  Densification 

The  density  of  spark  plasma  sintered 
specimens  as  a  function  of  temperature  is 
given  in  Fig.  1.  For  comparison,  the  density 
of  specimens  sintered  using  conventional 
method  is  also  included  in  Fig.  2.  As  can  be 
seen,  the  density  of  spark  plasma  sintered 
specimens  increases  monotonically  with 
increasing  sintering  temperature,  with  a 
sharp  increase  in  the  temperature  interval: 
1000  -  1050°C.  The  specimen  had  a  density 
of  >99.4%  TD  when  it  was  sintered  at 
temperature  above  1050°C,  suggesting  that 
fully  densified  specimens  could  be  obtained 
using  spark  plasma  sintering.  Interestingly,  it 
only  took  about  10  min  during  the  whole 
sintering  process  (5  min  for  sintering  and  5 
min  for  holding)  to  achieve  such  high 
density.  In  contrast,  the  density  of  specimen 
sintered  using  conventional  method  first 
increased  with  increasing  temperature, 
reached  a  maximum  value  at  1320°C,  and 
then  decreased  dramatically  as  the  sintering 
temperature  further  increased.  The  decrease 
in  density  was  ascribed  to  the  rapid  grain 
growth  in  specimens  sintered  at  temperature 
above  1320°C,  and  thus  leading  to  the 
formation  of  giant  grains  and  cracks. 
Compared  with  the  spark  plasma  sintered 


specimens,  the  conventionally  sintered 
specimens  had  relatively  lower  densities, 
although  the  latter  ones  were  sintered  at 
higher  temperatures  and  held  for  longer 
duration. 


Temperature  fC 

Fig.  1  Density  vs  sintering  temperatures 

3.2  Microstructural  Observations 

X-ray  diffraction  spectra  of  all  sintered 
products  revealed  only  single  phase  SCNN. 
At  room  temperature,  the  structure  of  SCNN 
appears  to  be  an  orthorhombic  distortion  of 
that  for  tetragonal  tungsten  bronze  similar  to 
SNN  [1].  Figure  2  shows  typical 
microstructures  of  conventionally  sintered 
(1320°C,  25  h)  and  spark  plasma  sintered 
(1200°C,  5  min)  specimens,  respectively.  As 
can  be  seen  in  Fig.  2a,  the  conventionally 
sintered  specimen  featured  a  micro  structure 
consisting  of  grains  having  the  size  in  the 
range  of  6  -15  pm.  No  cracks  but  pores 
trapped  at  the  grain  boundary  during  particle 
coarsening  were  clearly  observed,  which 
were  also  encountered  in  other  material 
systems  like  SBN  [3],  PBN  [6]  made  by 
normal  sintering  method.  On  the  contrary,  a 
smaller  and  pore-free  microstructure 
developed  in  the  spark  plasma  sintered 
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specimen,  which  was  composed  of  grains 
having  the  size  of  2  -  6  pm.  Furthermore,  the 
SPSed  specimen  exhibited  a  narrower  grain 
size  distribution  than  the  normally  sintered 
specimen.  The  fine  and  uniform  grain 
structure  found  for  SPSed  specimens, 
indicating  minimal  grain  growth  during 
sintering,  was  believed  to  result  from  very 
rapid  consolidation  of  powder  and  relatively 
lower  sintering  temperature  using  spark 
plasma  sintering.  The  similar  phenomenon 
was  widely  observed  in  spark  plasma 
sintered  BaTi03,  PbTiC>3  ceramics  [4,  5]. 


permittivity  vs  temperature  for  the  specimen 
sintered  at  1200°C.  The  Curie  point,  i.e.,  the 
temperature  of  the  dielectric  peak,  was  about 
290°C.  Relative  permittivities  at  room 
temperature  and  at  the  Curie  point  were 
1530  and  1273,  respectively.  A  typical 
ferroelectric  P-E  hysteresis  loop  was  shown 
in  Fig.  4,  giving  Pr  =  2.94  pC/cm2  and  Ec  = 
1.04  kV/mm,  respectively. 
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Fig.  3  Permittivity  vs  temperature  of  the 
sample  sintered  at  1200°C 


Fig.  4  Typical  P-E  hysteresis  loop  of  the 
sample  sintered  at  1200°C 


Fig.  2  SEM  images  of  sintered  SCNN 
ceramics:  (a)  conventionally  sintered,  (b) 
spark  plasma  sintered. 

3.3  Electrical  Properties 

Figure  3  shows  the  curve  of  relative 


The  electromechanical  coupling  factors 
kn  and  k33  of  the  sample  sintered  at  1200°C 
were  6.9%  and  15.1%,  respectively.  The 
piezoelectric  constants  d3j  and  d33  were 
calculated  to  be  87.0  and  39.9  PC/N  for  the 
same  sample. 
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4.  Conclusions 

Spark  plasma  sintering  was  applied  to 
fabricate  dense  SCNN  piezoceramics  in  this 
work.  Fully  densified  and  pore-free  SCNN 
ceramics  could  be  achieved  at  relatively 
lower  temperature  and  in  a  shorter  time  in 
comparison  to  the  conventionally  sintered 
ones.  The  electrical  properties  of  the  sample 
sintered  at  1200°C  were  shown  as  follows: 
Tc  =  290°C,  sT/e0  =  1273,  k3I  =  6.9%,  k33  = 
15.1%,  d3,  =  87.0  PC/N  and  d33  =  39.9  PC/N. 
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Abstract 

Many  Research  &  Development,  (R&D), 
programs  have  been  initiated  since  the 
inception  of  the  aerospace  industry  with  the 
goal  of  developing  improvements  which 
would  eventually  be  applied  to  production 
aircraft.  While  good  results  have  been 
obtained  from  past  programs,  a  relatively 
small  number  of  them  have  actually  found 
their  way  into  production  aircraft.  Many 
factors  are  responsible  for  this  including  the 
failure  of  research  program  planners  to 
consider  the  significant  impact  which  Federal 
Aviation  Administration,  (FAA),  certification 
rules  would  have  on  a  production  design. 
The  National  Aeronautics  and  Space 
Administration,  (NASA)  recognized  this 
problem  and  surmounted  it  in  their  Aircraft 
Energy  Efficiency,  (ACEE),  program  by 
requiring  FAA  certification  to  be  obtained 
concurrently  with  the  design,  testing  and 
manufacturing  of  new  components 
manufactured  as  a  result  of  the  research. 
These  components  were  then  installed  on  in- 
service  transport  aircraft  where  valuable 
service  history  was  obtained.  NASA’s 
approach  was  successful  and  led  to  the 
timely,  widespread  use  of  composite 
structure  on  new  commercial  aircraft.  A 
similar  approach  is  currently  being  followed 
by  Japan’s  New  Energy  and  Industrial 


Technology  Organization,  (NEDO)  for  the 
development  of  fuselage  structural 
components.  This  paper  discusses  the  past 
history  of  R  &  D  projects  and  focuses  on 
current  certification  procedures  and  how 
they  can  be  used  to  obtain  FAA  approval  for 
aircraft  components  developed  using  new 
technology. 

Introduction 

Although  numerous  R&D  programs 
have  been  attempted  since  the  inception  of 
the  aerospace  industry,  only  a  small  number 
of  them  have  achieved  the  goal  of  eventually 
appearing  in  production  aircraft.  There  are 
several  reasons  for  this,  among  which  are  too 
high  a  cost,  impractical  to  introduce  into 
production,  insignificant  improvement  and 
failure  to  consider  the  impact  of  FAA 
certification  requirements.  In  this  paper,  we 
will  concentrate  our  discussion  on  this  last 
item  and  suggest  a  solution  for  it  which  we 
believe  will  expedite  the  implementation  of 
new  technology  into  production  aircraft.  In  a 
typical  R&D  environment,  FAA  Certification 
is  seldom  considered.  Most,  if  not  all,  of  the 
R&D  effort  is  usually  expended  on 
technology  development.  As  a  result,  even 
the  best  technology  improvements  may  be 
uncertifiable  or  miss  their  critical  timing  for 
introduction  into  production  because  they 
were  not  ready  for  FAA  Certification.  What 
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must  be  done  to  alleviate  this  problem?  One 
of  the  best  examples  in  recent  aviation 
history  was  NASA’s  ACEE  program. 

NASA’s  ACEE  Program 

The  “Oil  Crisis”  of  1973  resulted  in 
severe  shortages  of  crude  oil  which,  in  turn, 
caused  the  price  of  aviation  fuel  to  soar  thus 
spurring  NASA  into  sponsoring  its  ACEE 
program  [1].  Not  only  it  was  necessary  to 
develop  new,  fuel  saving  technology  but  also 
this  technology  must  be  integrated  into 
aircraft  production  very  quickly  in  order  to 
alleviate  the  fuel  shortage. 


airlines  to  participate  was  that  NASA  would 
pay  to  replace  the  composite  components 
with  new  metal  components  after  the  in- 
service  testing  was  completed. 

Some  of  the  composite  components 
performed  so  satisfactorily  in  actual  service, 
the  airlines  requested  to  keep  them  in  service 
in  lieu  of  replacement  and  now,  after  more 
than  25  years,  ACEE  composite  components 
are  still  flying.  The  biggest  benefit  of  the 
ACEE  program  came  when  major  companies 
were  ready  to  use  composites  into  new 
production  aircraft.  The  “Production  Aircraft 
Readiness”  was  there. 


NASA  sponsored  six  advance  composite 
programs  among  three  major  commercial 
aircraft  companies  -  Boeing,  Lockheed,  and 
McDonnell  Douglas.  Each  company  was  to 
develop  one  secondary  s  and  one  primary 
structural  component  using  advanced 
composites  to  reduce  weight  thus  saving 
fuel.  Figure  1  shows  the  components 
selected  each  company. 


Vertical  fir> 
(primary  structure*) 


Fig.  1  NASA  ACEE  Program 


FAA  Procedures  to  Introduce  New 
Technology 

Basically,  there  are  six  FAA  procedures 
that  can  be  used  to  introduce  a  new 
technology  into  commercial  aircraft,  namely, 
(1)  Type  Certification,  (2)  Change  to  Type 
Certification,  (3)  Supplemental  Type 
Certification,  (4)  Technical  Standard  Order, 
(5)  Part  Manufacturer  Approval,  and  (6) 
Repair  &  Alteration. 

By  far,  the  best  way  to  introduce  a  new 
technology  to  commercial  aircraft  is  by  Type 
Certification  (TC).  Whenever  a  new  aircraft 
is  introduced,  such  as  B-777,  the  type 
certification  procedure  is  used  and  many  new 
technologies  are  introduced  at  that  time. 
Unfortunately,  the  number  of  new  aircraft 
coming  out  is  very  few  and  far  between; 
therefore,  the  opportunity  to  introduce  a  new 
technology  by  type  certification  is  extremely 
limited. 


The  unique  requirement  of  the  AACE 
R&D  program  was  that,  in  addition  to 
developing  new  technology,  it  was  necessary 
to  obtain  FAA  certification,  conduct  flight 
tests,  and  install  the  composite  components 
on  aircraft  currently  in  revenue  service  for  a 
number  of  years.  The  incentive  for  the 


The  next  best  way  is  when  Change  to 
Type  Certification  (CTC)  occurs.  This 
happens  when  an  aircraft  manufacturer 
decides  to  undertake  a  major  change  to  type 
certificated  aircraft,  such  as,  introducing 
stretched  or  extended  range  version  of  B- 
777.  Only  the  holder  of  the  original  Type 
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Certificate  allows  the  CTC. 

Supplemental  Type  Certificate  (STC)  is 
a  very  powerful  FAA  procedure  that  can  be 
used  by  the  companies  other  than  the  original 
type  certificate  holder.  New  technology  can 
be  introduced  to  existing  aircraft  by  STC  at 
any  time.  Many  companies  use  an  STC  to 
introduce  new  technology,  new  products, 
and  new  design  concepts. 

Technical  Standard  Order  (TSO)  is  used 
to  certificate  those  components  and 
equipment  that  are  interchangeable  with 
several  different  types  of  aircraft.  An 
example  of  TSO  is  item  is  Auxiliary  Power 
Unit.  The  TSO  certifies  that  the  part 
complies  with  certain  FARs  but  does  not 
automatically  authorize  its  installation  on  any 
aircraft.  It  is  usually  necessary  to  also  have 
an  STC,  which  installs  the  part  on  a  specific 
aircraft. 

Part  Manufacturer  Approval  (PMA)  is 
used  to  certificate  replacement  parts. 
Normally  the  PMA  replacement  parts  are 
identical  to  the  original  parts;  however,  it  is 
possible  to  introduce  new  technology 
replacement  part  using  this  PMA  procedure 
in  conjunction  with  an  installation  STC. 

Although  not  very  commonly  used,  it  is 
also  possible  to  introduce  a  new  technology 
during  Repair  &  Alteration  procedure.  One 
good  recent  example  was  the  introduction  of 
“Boron  Composite”  repairs  for  damaged 
metal  structures. 

Although  any  of  these  six  FAA 
procedures  can  be  used  to  introduce  a  new 
technology;  however,  the  most  commonly 
used  are  TC,  CTC,  and  STC. 

During  the  development  of  new 
technology  under  R&D  program,  it  may  not 
be  possible  to  undertake  a  full  FAA 
Certification  as  it  was  done  with  NASA 


ACEE  program  due  to  insufficient  funding, 
schedule  problems,  and/or  lack  of 
manpower.  Nevertheless,  many  companies 
today  would  like  to  see  that  their 
technologies  are  FAA  Certifiable.  In  view  of 
this  need  a  “Simulated  FAA  Certification 
Program”  has  been  initiated  as  an  integral 
part  of  R&D  program  by  Kawasaki  Heavy 
Industries,  (KHI),  sponsored  by  the  Japan 
Aircraft  Development  Corporation,  (JADC). 

New  Technology  Program 

Under  the  sponsorship  of  JADC,  KM 
has  been  developing  three  new  technologies 
which  are  (1)  A  Large  Thin  Precision 
Casting,  (2)  Friction  Stir  Welding,  and  (3) 
Composite  Sandwich  Nose  Section  some 
photos  of  which  are  shown  below: 


Fig.2  Large  Thin  Precision  Casting  [2] 


Fig.  3  Stir  Friction  Welding  [2] 


Simulated  FAA  Certification  Program 

JADC  has  adopted  the  “Simulated  FAA 
Certification  Program”  [3]  in  order  for  the 
results  of  the  R  &D  activities  conducted  by 
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KHI  to  concurrently  meet  the  FARs. 

With  this  in  mind,  JADC  has  invited 
several  FAA  Designated  Engineering 
Representatives  (DERs)  as  a  consultants  to 
provide  KHI  with  guidance  on  regulatory 
procedures.  These  consultants  were  not 
acting  as  representatives  of  the  FAA  during 
this  project  and  did  not  approve  any  data 
since  the  program  was  not  an  FAA  accepted 
project  but  rather  a  simulation  of  what  would 
be  required  to  obtain  FAA  certification,  i.e., 
for  each  project,  KHI  performed  a  simulated 
certification  procedure  to  demonstrate 
compliance  to  the  applicable  FAR. 

The  first  step  taken  for  certification 
purposes  was  to  write  a  Certification  Plan 
containing  the  appropriate  certification  basis 
and  a  complete  compliance  checklist.  The 
certification  plan  served  as  a  “road  map”  for 
all  forthcoming  certification  activities.  The 
applicant  is  responsible  for  showing 
compliance  to  the  FARs  applying  to  the 
specific  product  by  submitting  type  design 
and  substantiating  data  necessary  to 
demonstrate  that  the  product  meets  all 
applicable  airworthiness  requirements. 

Type  Design  data  consists  of  drawings 
and  specifications;  information  on 
dimensions,  materials,  and  processes,  and 
any  other  data  used  to  describe  and 
substantiate  the  product  including  test  and 
analysis  reports,  etc.  As  an  example,  the 
following  documents  must  be  prepared  to 
substantiate  an  item  by  testing: 

1.  The  applicant  should  prepare  a  test  plan 
which  contains  as  a  minimum  (a)  a  clear 
description  of  the  item  to  be  tested,  (b)  a  list 
of  equipment  required  and  its  current 
calibration  status,  (c)  required  conformity 
inspection  information  for  the  test  unit  and 
test  set  up  (d)  test  procedure  to  accomplish 
the  goal  and  (e)  the  applicable  FARS  for 
which  the  test  will  demonstrate  compliance. 
Once  the  test  plan  and  all  applicable  type 
design  data  are  approved,  the  cognizant 


engineer  requests  conformity  inspections  be 
made  to  ensure  that  the  product  being  tested 
complies  with  the  type  design  data  prior  to 
beginning  any  test. 

2.  Conformity  and  Test  Witnessing:  A 
Statement  of  Conformity  can  be  issued  either 
by  the  manufacturer  or  the  applicant. 
Conformity  inspections  should  not  be 
confused  with  engineering  compliance 
inspection,  which  is  conducted  to  ensure  that 
an  installation  and  its  relationship  to  other 
installations  comply  with  the  regulations. 
After  the  test  witness  has  confirmed  that  the 
appropriate  conformity  inspections  have  been 
made  and  that  all  appropriate  paperwork  has 
been  completed,  the  test  may  proceed. 

3.  After  the  test  has  been  completed,  a  test 
report  must  be  prepared  which  states  the 
results. 

Similar  convoluted  approval  steps  must 
be  taken  for  all  substantiation  documents  in 
each  applicable  discipline.  A  short  summary 
of  the  intent  of  NEDO-JADC  has  been 
presented.  This  intent  has  a  deep  meaning  to 
the  aircraft  industry. 
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Abstract 

Innovations  for  low-cost  and  lightweight 
structures  are  required  for  new-generation, 
high-speed  transport  (aircraft,  trains,  ships) 
and  other  structures  (bridges,  etc.)  to 
conserve  resources  and  energy  and  protect 
the  environment.  Current  structures  have  a 
high  part  count.  Application  of  conventional 
technologies  will  have  little  effect  for  future 
lightweight  structures.  Recent  technological 
developments  have  given  us  hints  for 
near-term  future  structures.  This  program 
covers  three  areas: 

(i)  New  design  and  manufacturing 
technologies  for  co-cured  CFRP  structures; 

(ii)  New  precision  casting  and  welding 
technologies  for  large-size  metal  structures; 

(iii)  Integration  technologies  for  innovative 
light  structures. 

The  goal  is  to  drastically  and 
cost-effectively  save  weight  and  reduce  the 
part  count  of  cockpit  and  wing  structures  for 
civil  aircraft.  Advanced  CFRP 
manufacturing  technologies  will  be 
developed  for  parts  having  complicated 
forms,  large-size  structures,  and  new-type 
sandwich  panels.  In  addition,  advanced 
technologies  such  as  thin,  large-size 
precision  casting,  friction  stir  welding  and 
super-plastic  forming  will  be  developed. 
Integration  technologies  for  fastening 
technology  between  CFRP  parts  and  metal 
alloy  parts,  3 -dimensional  CAD  and  a 
structural  work  station  will  also  be 


developed.  This  will  contribute  to  the 
verification  process  of  the  above  work  for 
commercial  aircraft.  This  five-year  program 
commenced  in  summer  1999. 

Key  Words  :  Lightweight  structures, 
Co-cured  CFRP  structures, 

Precision  casting.  Super  plastic  forming 

1.  Introduction 

Global  economic  growth  and  a  high 
quality  of  life  demands  high-speed 
transportation.  On  the  other  hand,  calls  to 
save  energy  and  resources  and  protect  the 
environment  are  increasing  year  by  year.  For 
these  reasons,  low  cost  and  lightweight 
vehicles  are  urgently  required.  Nowadays 
vehicles  are  complex  and  have  a  large  part 
count  due  to  a  design  consistent  with 
strength  and  light  weight.  Application  of 
conventional  design  methods  yields  little 
effects.  However,  recent  advanced 
manufacturing  technology  developments 
such  as  composite  materials,  aluminum 
casting,  alloy  welding  and  structural  design 
technologies  implies  the  possibility  of 
innovation  for  light  weight  and  an  extremely 
small  number  of  parts.  Under  these 
circumstances,  NEDO  started  a  R&D 
program  in  1999  entitled  “Key  Technology 
for  Innovative  Low-cost  and  Light 
Structures”  as  a  five  year  program.  Tills 
program  is  aimed  at  design  and 
manufacturing  technology  development  for 
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innovative  light  aircraft  structures  using 
CFRP  (carbon  fiber  reinforced  plastic)  and 
program  will  be  used  for  high-speed  trains, 
ships  and  other  structures  that  can  conserve 
resources  and  energy,  and  for  creating 
simple,  reliable  and  lightweight  structures 
which  will  induce  and  create  new  industrial 
fields. 

2.  Outline  of  the  R&D  Program 

The  program  covers  the  following  three 
areas: 

d )  Design  and  manufacturing  technologies 
for  co-cured  CFRP  structures 
Structures  made  of  metal  have  been 
refined  and  cultivated  for  light  weight  and 
high  strength  properties  by  the  “built-up 
method”  (fastening  frames,  thin  skins,  etc.). 
Efforts  for  light  weight  have  been  made 
by  replacing  the  metal  with  an  aluminum 
alloy  with  high  specific  strength  or  a 
composite  material  but  keeping  the 
conventional  built-up  method.  However,  it 
has  limitations.  By  making  the  best  use  of 
the  co-curing  characteristic  of  advanced 


aluminum  alloy  as  excellent  materials  with 
specific  strength.  The  achievements  of  this 
composite  material,  a  new  concept  for 
making  and  assembling  structure 
components  can  be  introduced.  It  will  then 
be  possible  to  reduce  part  count  and  weight, 
d)  Precision  casting  and  welding 
technologies  for  large-size  metal 
structures 

Conventional  large-size  metal  structures 
have  the  disadvantages  of  a  complicated 
manufacturing  process  due  to  high  part 
counts,  required  reliability  levels,  weight 
increases  from  rivet  fastening,  and 
corrosion  tendencies  at  the  contact  surfaces 
of  two  materials. 

®  Integration  technologies  for  innovative 
light  structures 

In  order  to  optimize  strength,  cost,  etc. 
for  a  whole  structure,  it  is  necessary  to 
develop  technology  connecting  different 
materials,  design  technology  including 
apparatus  and  devices,  evaluation  know-how 
for  strength  and  reliability  of  a  whole 
structure. 


New  Design  and  Manufacturing  Technologies  for 
Co-cured  CFRP  Structures 

•  Precise  Manufacturing  Technologies  for 

CFRP  Structures 

•  Optimum  Design  for  Co-cured  CFRP  Structures 

•  Manufacturing  and  Testing  using 

Sub-components 


New  Precision  Casting  and  Welding 
Technologies  for  Large-size  Metal 
Structures 

•Precision  Casting  Technologies  for 

Large-size  Structures 
•Precise,  High-Quality  Welding 

Technologies 


Integration  Technologies  for  Innovative  Light  Structures 
•Technologies  connecting  Composite  and  Meta!  Parts 
•Substantiation  Test  using  Full-size  Components 


Energy-saving,  Resource-saving,  High-Reliability,  Simplified 
and  Lightweight  Structures  for  Vehicles  (Aircraft,  Trains,  Ships, 
etc.)  and  others  (Bridges,  etc.) 


Figure  1.  Outline  of  the  R&D  Program 


134 


3.  Verification  by  Design,  Fabrication, 
Testing  for  Full-scale  Component 

By  incorporating  innovative  key 
technologies,  nose  and  wing  structures 
applicable  to  a  small  civil  transport  will  be 
trial  fabricated,  strength  tests  will  be 
performed  and  design  and  fabrication  issues 
will  be  identified  and  solved.  Figure  2 
shows  the  actual  full-scale  components  of 
this  project.  The  first  is  the  nose  structure, 
and  second  is  the  wing  box  structure. 

Design  and  manufacturing  technologies 
which  conform  to  airworthiness  standards 
set  by  airworthiness  bureaus,  such  as  the 
FAA,  will  be  established. 

As  for  nose  structures,  the  conventional 


method  requires  many  parts  to  build  up  a 
multi-frame.  Using  the  innovative  method,  a 
CFRP  sandwich  panel  can  reduce  frames 
and  stringers,  and  new  casting  and  welding 
techniques  can  also  reduce  part  count.  For 
example,  the  pressurized  bulkhead  is  made 
by  friction  stir  welding.  In  the  case  of  nose 
structures,  the  objectives  are  a  10%  weight 
saving  and  an  80%  part  count  reduction 
compared  with  conventional  structures. 

In  the  case  of  wing  structures,  many 
parts  are  necessary  to  construct  a 
skin-stringer  panel  and  multi-rib  wing  box. 
A  new  concept  for  making  structure 
composites  and  assembling  them  will  be 
introduced  by  making  the  best  use  of  the 
co-curing  characteristic  of  advanced 


Full-Scale  Components; 
Manufacturing  &  Testing 


6C&4W  project 

Cockpit  &  Wing-  •  ■  Innovative  Composite  Applications 
Cost  Sc.  Weight  saving-  •  -  Challenging  Targets 
Composites-  ■  -Integrated  Low  Cost  Fabricating 
Casting  &  Welding-  ■  -  Aluminum  New  Manufacturing 
CAD  &  Work  station-  •  -Design  Method  Innovation 
Certification- •  -DER  Review,  Step  to  Actual  T/C 


Cockpit  Structure 

Weight  Saving  Target  :  10% 

Part-count  Reduction  Target :  80% 


Figure  2  R&D  Program  of  Key  Technology  for  Innovative  Structures 
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composite  materials.  Some  integrated 
pieces  using  these  materials  can 
reduce  part  count.  In  this  case,  the 
objectives  are  a  15%  weight  saving 
and  50%  part  count  reduction. 

4.  Organization  of  the  Project 

The  New  Energy  and  Industrial 
Technology  Development  Organization 
(NEDO)  solicited  proposals  for  participation 
in  an  R&D  program  entitled  “Key 
Technology  for  Innovative  Low-cost  and 
Lightweight  Structures”  in  FY1999. 
Following  a  strict  and  fair  assessment  of  all 
proposals,  NEDO  selected  Japan  Aircraft 
Development  Corporation  (JADC)  as  the 
contractor.  NEDO  commenced  a  five-year 
program  in  summer  1999.  NEDO’s  policy  is 
to  promote  the  R&D  program  efficiently 
with  the  participation  and  cooperation  of 
researchers  from  industrial,  academic  and 
governmental  fields.  An  assessment 
committee  composed  of  NEDO 
representatives,  researchers  in  these  fields, 


and  knowledgeable  academic  experts  was 
established  to  promote  the  project. 
Assessments  are  conducted  in  a  timely  and 
proper  way. 

6.  Conclusion 

The  targets  of  this  project  can  be 
summarized  as  follows: 

(1)  Wing  structures  and  a  nose  will  be 
fabricated  incorporating  innovative  key 
technologies  and  assessment  tests  equivalent 
to  those  in  actual  aircraft  development. 
Design  and  manufacturing  technologies 
conforming  to  airworthiness  standards 
established  by  airworthiness  bureaus,  such 
as  the  FAA,  will  be  established.  (2)  As  for 
wing  structures,  the  objectives  are  a  15% 
weight  saving  and  50%  part  count  reduction 
compared  with  conventional  structures. 

(3)  As  for  nose  structures,  the  objectives 
are  a  10%  weight  saving  and  80%  part  count 
reduction  compared  with  conventional 
structures. 
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Figure  4  Organization  Chart  of  the  R&D  Project  (FY2001) 
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Abstract 

Demands  for  lighter  structures  will 
increase  for  transport  vehicles  from  the 
aspects  of  economic  growth,  energy  saving, 
environmental  concerns  and  customer- 
satisfaction.  If  we  can  solve  cost-reduction 
and  weight-reduction  demands,  especially 
civil  aircraft  development  would  be  more 
activated  and  accelerated.  Recent 
technology  developments  have  given  us 
hints  for  near-term  future  structures. 
Eventually  an  R&D  plan  was  presented  for 
“key  technology  for  innovative  low  cost  and 
light  structures”,  approved  and  commenced 
in  1999  as  a  5-year  program.  The  approach 
to  reduce  weight  is  by  applying  composite 
material  and  new  metal  related  technologies. 
The  target  is  a  15%  and  10%  weight- 
reduction  for  the  wing  and  nose  structures 
respectively.  The  efforts  were  focused  on 
basic  design  and  fundamental  technology 
establishment  in  the  first  two  year.  Based  on 
development  building  block  method, 
simulated  certification  process  for  the  wing 
and  nose  structures  will  be  performed 
through  DER  (Designated  Engineering 
Representative)  evaluations. 

Key  Words  :  co-cured  CFRP  structures, 
light-weight  structures,  wing  structures,  nose 
structures 

Introduction 

Demands  for  aircraft  transportation 
systems  will  steadily  increase  to  more  than 
200%  in  the  next  20  years  according  to  the 


forecast  of  passengers  (unit :  man-miles).  In 
such  circumstances,  demands  will  grow  for 
light  and  low-cost  airframes  that  are  not 
only  cost-effective  but  also  conserve  energy. 
So,  development  of  advanced  technology  for 
light  structures  is  continuously  necessary  in 
the  future.  But  adopting  advanced 
technologies  yields  a  sharp  rise  of  capital 
cost  for  developing  a  new  aircraft  with 
high-performances  the  airlines  demand.  On 
the  other  hand,  discount  pressure  for  aircraft 
prices  by  the  airlines  due  to  market 
competition  remains  as  intense  as  before.  As 
a  result,  the  gap  between  development  cost 
and  the  aircraft  price  becomes  gradually 
bigger.  Already  new  aircraft  development 
using  conventional  methods  is  not  feasible 
and  the  aircraft  business  became  very 
difficult.  In  order  to  overcome  the 
situation,  drastic  light  structure  design  is 
needed.  The  technology  to  achieve  both 
light-weight  and  low-cost  is  needed.  If  we 
can  find  a  solution,  new  development  for 
civil  transport  will  be  accelerated.  Moreover 
it  is  desirable  to  perform  an  R&D  program 
so  that  actual  development  of  a  new  aircraft 
does  not  cost  so  much.  For  those  reasons, 
NEDO  (New  Energy  and  Industrial 
Technology  Development  Organization)^ 
open-bidding  program  “R&D  of  Key 
Technologies  of  Design  and  Manufacturing 
for  Innovative  Light  Structures”  was 
planned.  JADC  applied  for  the  program  with 
a  proposal  document  and  was  nominated  as 
a  contractor.  Main  points  of  the  program  are 
shown  in  Figure  1. 
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Fig.l.  Main  Points  of  the  Program 


Outline 

The  structures  of  an  aircraft  are 
dominantly  made  by  the  built-up  method  in 
which  many  parts  are  assembled  by  rivets 
and  fasteners,  so  the  part  count  is  an 
extraordinarily  a  large  number.  Reducing 
part-count  is  the  most  effective  way  to 
reduce  costs  because  it  reduces  working 
time  for  fabrication,  assembling  and 
processing.  In  the  program,  we  selected  the 
wing  structure  and  the  nose  structure  as 
representative  portions  since  they  have  a 
large  number  of  parts  and  complicated 
figures.  The  wing  structure  is  sensitive  to 


strength  and  has  the  fuel  tank.  The  nose 
structure  has  the  pressurized  space.  The 
part-count  reduction  targets  are  set  at  50% 
and  80%,  respectively.  Technologies  for  the 
program  are  co-cured  CFRP  structures, 
CFRP  sandwich  panels,  VaRTM,  large-size, 
thin  precision  casting,  friction  stir  welding, 
super  plastic  forming  and  others. 

The  Clue  to  Innovative  Structures 

For  part-count-reduction  and  weight 
reduction,  we  are  trying  to  get  innovative 
structures.  The  positions  or  clue  of  the  target 


Tarjet  for  Rib  Spacinf  :  over 
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Year  of  Introduction 


Fig.3.  Target  of  Composite  Application  for  Light  Weight 


are  described  below.  The  spacing  of  frames 
and  stringers  are  main  parts  of  the  fuselage 
and  wing.  Part-count  can  be  reduced  when 
the  spacing  becomes  wide.  The  historical 
data  show  that  the  spacing  of  frames  and 
stringers  remains  constant  from  B707  (First 
flight:  1954)  to  B777  (First  flight:  1994). 
The  reasons  for  constant  spacing  are  because 
the  same  material,  i.e.  aluminum  alloys, 
were  used.  The  most  lightweight  structure 
for  the  wing  structures  is  the  co-cured  CFRP 
structure.  Fig.  2  shows  rib  spacing  in  a  wing 
box.  The  historical  data  show  that  the 
spacing  is  scattered  450  to  800mm,  but  the 
average  is  approx.  650mm.  The  rib  spacing 
has  remained  nearly  constant  for  forty  years. 
Our  efforts  were  focused  on  how  to  combine 
ribs  and  stringers  directly  without  numerous 
clips  or  other  parts  stiffening  ribs  and 
stringers.  In  the  program,  part-count  for  a 
wing  box  will  be  reduced  by  using 
one-piece-oriented  composite  technologies 
such  as  the  unique  co-bonding  process. 

The  rate  of  composite  material  in 
current  aircraft  structure  occupies  about 
15%  in  weight  percentage.  Applying 
composite  material  to  nose  and  wing 
structures  in  the  program,  the  rate  will 
increase  from  about  15%  up  to  about  45%  as 
shown  in  Fig.  3. 


Approaching  Methods 

The  project  is  a  five-year  program 
begun  in  FY1999.  We  determined  yearly 
targets,  called  “Exit  Criteria”,  for  the  nose, 
wing,  and  leading-edge  structures.  We 
adopted  a  method  to  step  up  to  the  next 
year’s  entrance  through  assessing  whether 
the  year’s  target  is  accomplished  or  not. 
Consequently  the  five-year  R&D  program 
schedule  was  determined.  Furthermore  we 
adopted  a  “Building  Block  Approach” 
method.  The  method  is  often  used  for 
innovative  R&D  programs  in  which 
optimum  solution  on  means,  effects  etc.  are 
unknown.  Using  the  method  we  expect  a 
steady  technological  approach  to  the  goal.  In 
the  beginning  of  the  program,  we 
concentrated  on  steady  steps.  We  intended 
to  perform  the  same  procedures  as  in  the 
actual  development  of  a  new  aircraft.  We 
made  an  execution  plan,  and  considered 
these  important  items:  (a)  a  design  based  on 
firm  procedures,  specifications  etc.;  (b) 
technical  assessment;  (c)  assessment  of  a 
substantiation  test  by  a  DER.  To  assess  the 
design  and  its  validity,  we  examined  the 
design  standards  and  adopted  Japanese 
Airworthiness  Standards  Chap.III  (Transport 
Category),  FAR  Part  25  (the  latest  revision), 
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Table  1 .  Estimated  Effect  of  Energy-Saving 

_  (unit  :104  kilo  liter-  crude  oil) 


FY  2000 

FY  2005 

FY  2010 

FY  2020 

Aircraft 

0 

2.7 

6.9 

22.7 

Ship 

0 

1.2 

2.4 

3.6 

Train 

0 

3.2 

6.3 

8.4 

Motor 

Vehicles 

For  Passengers 

0 

4.2 

9.2 

16.4 

For  Cargo 

0 

3.4 

6.9 

10.3 

i  Sum 

0 

14.7 

31.7 

61.4 

Table  2.  Estimated  Effect  of  CO2  Reduction 

_ (unit :  102  kilo  ton-CCh ) 


FY  2000 

FY  2005 

FY  2010 

FY  2020 

Aircraft 

0 

0.7 

5.5 

Ship 

0 

0.3 

1 

Train 

0 

0.8 

1.7 

2.2 

Motor 

Vehicles 

For  Passengers 

0 

1 

2.2 

For  Cargo 

0 

0.9 

WBBM 

1  Sum 

0 

3.7 

■ 

Advisory  Circulars  (AC)  and  supplemented 
documents  as  design  rule  for  a  commercial 
airplane. 

Energy-saving  and  CO2  Reduction  Effects 

Here  is  an  estimate  of  how  much 
energy  consumption  could  be  saved  if  the 
innovative  technologies  were  developed  and 
the  substantiation  tests  were  executed 
successfully.  As  a  result,  2%  of  the  total 
energy  consumption  used  for  transportation 
in  Japan  could  be  saved  20  years  from  now 
as  shown  on  Table  1 .  At  the  same  time,  that 
contributes  approx.  13%  of  the  target  for  the 
Kyoto  Protocol  (reduced  CO2  emission  : 
1.5  million-ton)  as  shown  on  Table  2.  We 
forecast  that  the  needs  to  adopt  such 
light-structure  technologies  would  surge  in 
high-speed  vehicles,  especially  superexpress 
railway  vehicles,  motor  vehicles  and  so  on. 

Conclusion 

The  program  is  aimed  at  light- 
structures  for  energy  and  cost  savings.  We 


will  promote  key  technologies  cultivated  for 
a  long  time  to  the  level  where  they  can  be 
applied  to  an  actual  vehicle  approximately 
five  years  from  the  start.  Furthermore,  we 
are  trying  to  apply  the  technologies  to  an 
airplane  in  which  the  requirements  for  safety, 
reliability,  airworthiness,  maintenance  are 
the  most  rigorous.  The  introduction  of  an 
innovative  structural  method  involves  risks 
for  its  substantiation.  In  order  to  get 
substantiation,  we  have  made  a  plan  based 
on  legal  standards,  accumulated 
characteristic  data,  full-scale  components 
fabrication  and  tests.  In  the  future  we  hope 
to  present  these  technologies  as 
substantiated  and  globally  competitive.  This 
report  is  a  summary  of  our  two  year’s  result. 
The  authors  wish  to  thank  METI  and  NEDO 
representatives  for  their  advice,  help  and 
suggestions.  We  also  should  like  to  thank  all 
persons  concerned  for  their  contributions 
and  promotion  to  the  program. 
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Abstract 

The  optimum  balance  of  cost  and 
performance  for  airframe  components  is 
achieved  when  light  weight  parts  are  used 
and  assembly  costs  are  minimized.  Material 
cost,  labor  content,  and  assembly  cost  must 
be  weighed  against  the  effects  on  vehicle 
cost,  weight,  and  performance. 

Modem  manufacturing  concepts 

include  machine  laid  and  co-cured 

composites,  resin  transfer  molded 

composites,  adhesively  bonded  assemblies, 
machined  aluminum,  advanced  castings,  and 
various  combinations  of  these. 

This  presentation  describes  the 
design,  fabrication,  and  certification  issues 
with  major  integrated  aerospace  structures. 

Keywords:  Composites,  co-cured, 
integrated  structures. 

Introduction 

Large  co-cured  or  co-bonded  structures 
are  the  key  to  producing  aerospace 
composite  stmctures  at  a  reasonable  cost.  In 
this  context,  reasonable  cost  means  equal  to, 
or  almost  as  low  as,  the  cost  of  riveted 
aluminum  stmctures. 

However,  traditional  materials  such 


as  aluminum  and  titanium  are  not  to  be 
ignored,  even  in  largely  composite 
stmctures.  Fittings  for  attachment  and  load 
transfer  are  typically  more  efficient  when 
designed  for  metallic  materials.  Also,  there 
been  have  tremendous  advances  in  both  high 
speed-machining  and  precision  casting 
technologies. 

We  should  remember  that  the 
lightest  possible  structure  is  a  semi- 
monocoque  design;  that’s  why  riveted 
metallic  airplane  stmctures  look  like  they 
do.  A  small  weight  penalty  will  be  incurred 
when  using  machined  parts,  cast  parts,  or 
cored-sandwich  structure  in  place  of  riveted 
assemblies  of  sheet  metal  and  extmsions. 
However,  the  cost  saving  gained  by  lower 
part  count  and  reduction  in  assembly  labor 
hours  will  more  than  offset  the  weight 
penalty  for  all  except  vehicles  with  the  very 
highest  cost  of  useful  load.  See  table  1 

Modem  castings  have  much  to  offer  in 
the  way  of  reduced  part  count  and  reduced 
labor  for  subsequent  operations.  Historical 
drawbacks  such  as  excess  wall  thickness, 
coarse  grain  structure,  and  porosity  have 
largely  been  eliminated  in  modem  casting 
technology.  Materials  such  as  titanium, 
which  present  difficulties  in  machining  and 
in  drilling  on  assembly,  can  now  be  cast 
with  acceptable  surfaces  which  may 
eliminate  subsequent  machining  operations. 
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Table  1 

Capital  Cost  of  Useful  load 


USER 

VEHICLE 

USEFUL 

COST  $ 

LOAD  kg 

per  kg 

ARMY 

TRUCK 

34,500 

11 

LAWYER 

BMW 

680 

80 

NAVY 

SPOOK  BOAT 

18,000 

1,000 

AIRLINE 

B  767-300 

73,000 

1,300 

USAF 

C-17 

140,000 

1,430 

CORP 

BIZ  JET 

2,000 

2,125 

USMC 

V-22 

14,500 

7,000 

Single-Cure-Cycle  Pressure  Cabin 

As  in  many  innovative  approaches,  new 
challenges  have  to  be  met  and  overcome.  In 
the  case  of  large  integral  composite  parts, 
such  as  the  one-piece  pressure  cabin  shown 
in  figure  1,  the  challenges  include  precision 
tooling,  new  process  controls,  development 
of  quality  assurance  methods,  and  related 
certification  issues. 


Figure  1 

One  Piece  Pressure  cabin 


Automated  fiber  placement  is  used  to 
reduce  labor  cost  below  that  of  hand  layup 
and  possibly  below  that  of  riveted  metal 
structures.  Sophisticated  tooling  allows  the 
automated  fiber  placement  to  take  place  on  a 
male  tool,  and  yet  facilitates  transfer  of  the 
part  to  a  female  tool  for  final  cure.  The 


mandrel  is  removed  prior  to  autoclave  cure 
which  reduces  the  thermal  mass  in  the 
autoclave  and  puts  the  mandrel  back  into  the 
production  cycle. 

Conformity  inspection  on  the  first  few 
articles  involved  visual  inspection  of  every 
ply.  After  validation,  software-based  self¬ 
checking  verifies  the  location  and  correct 
tension  on  every  ply  and  in  fact  on  every 
tow  placed.  Laser  ply  location  is  employed 
to  identify  the  locations  of  each  piece  of 
core,  adhesive,  and  reinforcing  framework 

New  specifications  were  written  to 
qualify  the  material  properties,  control  the 
incoming  materials,  and  control  the  fiber 
placement  and  cure  process.  Material 

controls  and  process  controls  are  built  into 
the  specifications.  Material  out  time  is 
carefully  monitored  and  process  test 

specimens  for  process  checks  are  machine 
laid  and  cured  in  exactly  the  same  manner  as 
the  cabin  itself 

Certification  issues  included 

validation  of  the  laminate  properties; 
machine  layup  tolerances;  and 

demonstration  of  damage  tolerance 
properties.  Damage  tolerance  considerations 
included:  intrinsic  manufacturing  quality 
and  NDI  standards;  possible  in-service 

damage;  and  massive  discrete  damage  from 
such  rare  occurrences  as  lightning  strike, 
engine  fire,  tire  burst,  and  rotor  burst.  The 
end  point  of  all  the  damage  tolerance  tests 
and  analyses  was  inspection  methods  and 
intervals  published  in  the  maintenance 
manual.  These  were  designed  to  maintain 
safety  and  economy  of  operation  throughout 
the  airplane  life.  Further  details  on 
certification  of  integrated  structures  may 
found  in  reference  1. 

Fuel  Tank  Bonded  Assembly 

For  a  composite  wing  fuel  tank,  there 
are  many  benefits  of  an  all-bonded 
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assembly.  Metallic  fasteners  represent  a 
lightning  strike  threat  in  a  composite  fuel 
tank,  not  to  mention  the  cost,  weight,  and 
fuel  sealing  issues  which  accompany 
drilling,  fastening,  inspecting,  and  sealing 
the  fasteners. 

Non  conducting  materials  were  used  to 
fabricate  internal  ribs  and  baffles  and  hybrid 
woven  fabric  of  carbon  fiber  and  aluminum 
wire  was  used  as  the  exterior  ply  in  the 
outside  skins.  A  simple  technique  was 
employed  to  verify  the  integrity  of  the 
internal  bonds  in  the  fuel  tank.  Every  tank 
was  sealed,  leak  checked,  and  finally 
subjected  to  a  proof  pressure  check  to  the 
highest  pressure  expected  in  service. 

A  test  specimen  of  the  tank  was  sled 
tested  to  demonstrate  fuel  containment 
under  emergency  landing  conditions. 

Resin  Transfer  Molded  Stabilizer 

A  horizontal  stabilizer  development  article 
was  fabricated  by  the  resin  transfer  molding 
(RTM)  technique.  This  part  represents  the 
ultimate  in  low  part  count  and  low  labor 
content.  Combined  with  the  high  stiffness 
and  low  density  afforded  by  carbon  fiber 
materials  and  the  smooth  rivet-free  aero- 
surfaces  this  is  a  very  attractive  alternative 
to  traditional  manufacturing  methods,  see 
figure  2. 

The  materials  used  were  a  combination 
of  dry,  6K,  carbon  2D  braid  and  dry  6K, 
five  harness  fabric.  These  were  saturated 
with  3M  520  resin  using  RTM  technique. 

The  braids  were  applied  to  male 
mandrels  . to  form  the  internal  cells  and  webs 
which  were  then  wrapped  with  plies  of 
fabric  to  form  the  external  skins.  The  cure 
tool  was  then  closed  around  the  dry  fiber 
assembly  and  the  tool  placed  in  a  heated 
press.  The  tool  was  vacuum  evacuated,  and 
the  resin  injected  until  the  tool  cavities  were 


totally  filled;  final  cure  pressure  and 
temperature  were  then  applied. 

Again,  heavy-duty  precision  tooling 
is  required  to  facilitate  the  lay-up  on  male 
mandrels  and  the  in-tool  resin  saturation  and 
cure  at  high  pressure  and  high  temperature. 

Other  manufacturing  issues  included 
access  to  internal  cavities  to  install  aircraft 
systems  and  to  affect  structural  attachments. 
For  this  particular  part,  internal  equipment 
could  be  installed  by  cutting  a  single  access 
opening  in  the  lower  skin.  Attachments  to 
the  rear  spar  could  be  accomplished  with 
blind  fasteners.  The  QA  issue  was  how  to 
accomplish  inspection  of  internal  webs.  NDI 
of  internal  webs  was  possible  with  the  aid  of 
special  probes  clamped  on  the  end  of  long 
supports. 

Certification  issues  centered  on 
qualification  of  the  material  properties  and 
control  of  the  process.  Material  qualification 
represented  some  new  challenges  in  that  the 
raw  material  does  not  exist  in  the  traditional 
aerospace  format  of  prepreg  fabric  or  tape. 
The  qualification  therefore  starts  with  multi¬ 
batch  tests  of  the  neat  resin.  Raw  material 
fiber  was  already  qualified  because  of  use  in 
prepreg  materials.  So,  material  property 
testing  was  concentrated  on  specimens  cut 
from  panels  fabricated  by  the  RTM 
techniques  used  in  production.  The  test 
matrix  was  similar  to  that  used  for  lamina 
properties  of  prepreg  materials  except  the 
braid  angles  were  tested  at  three  different 
angles  representing  the  mean  and  practical 
extremes  of  fiber  angles  used  in  production. 
The  test  matrix  had  approximately  33% 
more  test  points  than  a  typical  prepreg 
matrix.  See  reference  2. 
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Figure  2 

Resin  Transfer  Molded  Stabilizer 


Figure  3 

Emergency  Exit  Casting 


Precision  castings 

In  spite  of  the  recent  advances  in  high 
speed  machining  of  aluminum,  precision 
castings  can  still  contribute  to  lower  cost 
and  in  some  cases  lower  weight.  Changes  in 
the  regulations  now  permit  critical  castings 
to  used  without  the  penalty  of  casting  factors 
requiring  increased  load  capacity  above  the 
FAA  ultimate  load  and  without  testing 
multiple  samples  of  the  casting.  It  so 
happens  that  when  castings  are  used  in 
critical  applications,  the  compression 
stability  requirements  on  thin  webs  and  the 
fatigue  durability  requirements  on  tension 
members  result  in  extra  static  load  capacity 
almost  equal  to  the  factors  traditionally 
applied  to  account  for  unpredictable  grain 
structure,  etc.  For  example,  in  a  recent  study 
finite  element  analysis  showed  a  large 
casting  to  have  1.38  times  the  minimum 
required  static  strength  after  design  for 
stability  and  fatigue  compared  to  a  1.50 
factor  required  in  the  FAA  regulations  to 
avoid  multiple  tests 


The  precision  casting  shown  in  figure  3 
produces  an  emergency  exit  frame  work 
without  any  surface  machining  and  is 
cheaper  and  lighter  than  the  equivalent 
riveted  assembly. 
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Abstract 

A  wide  range  of  5-year  study  to 
expand  the  advanced  composite  application 
in  wing  primary  structures  has  started  in 
Japan.  Develop  and  verify  the  technology  to 
provide  the  improvement  /  innovation  in 
parts  count  and  damage  tolerance  is  the  aim 
of  this  research.  The  objective  of  this  paper 
is  to  introduce  the  vision  of  the  5-year 
research  program  and  the  intermediate 
results  of  structural  concept  studies. 
Structural  concepts,  materials  and  process 
selection  for  affordable  and  high 
performance  structures  have  been  discussed. 
Some  producibility  element  tests  have  been 
conducted  in  parallel  with  conceptual  design 
studies.  Resin  Transfer  Mold  (RTM), 
Vacuum  Assisted  RTM  (VaRTM)  and 
stiffened  co-bond  panels  with  unique  RTM 
stringers  have  been  made  with  new  RTM 
resin  and  carbon  fiber  textiles.  Intensive 
case  studies  for  structural  concept  have  been 
conducted.  Clarification  of  the  design 
criteria  for  composite  wing,  potential  to 
apply  affordable  material/manufacturing 
technology,  and  substantiation  methods 
have  been  discussed. 

Key  Words:  Composite  Wing,  Affordable 
Composite,  RTM,  VaRTM 


Introduction 

Advanced  composite  application  to 
commercial  aircraft  structures  started  in  the 
1970’s,  to  reduce  airframe  weight  and  to 
pursue  energy  efficiency.  Successful 
technology  has  been  achieved  for  the 
secondary  structures  and  control  surfaces  by 
continuous  researches.  It  has  been  expanded 
to  some  empennage  structures.  For  the  other 
primary  structures,  however,  the  application 
is  stagnated  mainly  with  two  issues.  The 
first  is  damage  tolerance  capability  of 
laminates  and  its  verification.  The  second  is 
higher  cost  than  the  existing  metal 
structures.  Currently,  many  element 
technologies  have  been  studied  to  focus  on 
the  affordable  composite  application.  New 
low  cost  materials,  innovative  and 
affordable  processes,  and  innovative  designs 
to  derive  the  composites  benefit  effectively. 
Integrated  research  to  accomplish  the 
innovative  composite  wing  with  these 
element  technologies  started  in  Japan  in 
1999.  The  program  objectives  are  to 
develop  the  technology  to  achieve  15% 
lighter  weights  and  50%  less  in  parts  count 
in  comparison  with  existing  aluminum 
built-up  wing  structures,  and  to  show  high 
maturity  for  certification.  This  research  is 
conducted  by  Fuji  Heavy  Industries  (FHI), 
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led  by  Japan  Aircraft  Development 
Corporation  (JADC)  and  funded  by  New 
Energy  and  Industrial  Technology 
Development  Organization  (NEDO).  This 
paper  introduces  the  outline  of  the  5-year 
research  and  the  intermediate  results  with 
related  FHI  in-house  researches. 

Damage  Tolerance  Improvement 

An  initial  approach  to  provide 
better  damage  tolerance  capability  has  been 
considered  by  resin  improvement  to  tough, 
and  still  continuously  investigated.  Current 
efforts  have  been  focused  to  reduce  resin 
cost  and  development  of  automated  tow 
placement  technology  with  these  resin 
systems. 

Another  approach  is  using  Textile 
preform  reinforced  by  thru-thickness  fibers. 
Resin  Transfer  Molding  (RTM)  or  Resin 
Film  Infusion  (RFI)  are  combined  with 
textile  to  accomplish  affordable  composites. 
A  comparative  study  with  compression  after 
impact  (CAI)  tests  has  been  conducted  to 
investigate  the  improvement  of  damage 
tolerance  performance  by  simply  stitched 
laminates  (see  Figure  1).  It  is  important  to 
find  out  the  practical  and  effective  level  of 
stiching  density. 


/PR500  /  TR  -  A31  /  TR  -  A31 


CAI  Strength 


Figure  1  CAI  Improvement  by  Stitching 


Simulation  of  Resin  Transfer 

In  RTM  process,  one  of  the  most 
important  characteristics  is  “low  viscosity” 
of  the  resin  and  need  to  provide  a  proper 
resin  flow.  This  is  especially  important  to 
realize  large  RTM  parts.  New  unique  resin 
is  used  in  this  research  and  analytical 
simulation  supported  by  basic  coupon  tests 
has  been  conducted. 

Darcy’s  law  is  selected  as  the  macroscopic 
resin  flow  model. 


fj 


where  p;  Viscosity  (dependent  on  time;  t), 
p  =a3t3+a2t2+alt+aO 
v;  Flow  Velocity,  K;  Permeability 
Tensor, 

P;  Pressure 

K  parameter  has  been  obtained 
through  simple  coupon  tests  with  the 
specified  condition  including  textile  pattern, 
temperature  and  pressure.  Verification  with 
simple  plate  and  actual  parts  are  shown  in 
Figure  2.  The  example  actual  part  is  a  hat 
shaped  stringer  with  simple  textile  preform 
and  fabricated  by  VaRTM.  This  simulation 
provides  proper  planning  to  set  input/output 
ports  and  flow  path  of  the  resin  for  large 
RTM  parts. 


o"s«c.  3600  Sec. 


Figure  2  Simulation  of  RTM/VaRTM 
Resin  Permeation 
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Unique  Hybrid  Co-Bonding 

The  new  RTM  resin  has  another 
feature  to  accept  2-stage  cure  process.  The 
parts  shape  can  be  fixed  at  the  initial  low 
temperature  cure  stage.  Then,  the  parts  can 
be  handled  as  free-standing  (without 
complicated  shape-constrained  jigs)  in  the 
second  high  temperature  stage.  Unique 
hybrid  co-bonding  process  has  been  created 
with  this  feature.  Prepreg  with  low  cost 
tough  resin  can  be  laminated  by  automated 
tow  placement.  Adhesive  films  and  the  first 
stage  cured  RTM  stringers/spars  will  be  set 
on  the  raw  skin  without  complicated  support 
jigs,  then  cured  simultaneously.  A  good 
panel  quality  has  been  confirmed  through 
the  proof  of  concept  tests  (Figure  3).  The 
specimens  of  the  bonding  surface  between 
the  prepreg  and  the  RTM  have  been  cut-out 
and  the  strength  in  Mode-I  and  II  has  been 
checked.  The  results  show  the  equivalent 
strength  compared  to  the  prepreg  co-cure 
panels.  The  compressive  strength  tests  with 
stiffened  panel  (Figure  4)  have  been 
conducted  and  no-hazardous  pre-mature 
debonding  has  been  found  up  to  design 
compressive  strain  level. 

Wing  Structural  Concept  Design 

Conceptual  wing  structural  design 
has  been  continued  in  parallel  with  the 
affordable  element  studies.  Several  concepts 
have  been  considered  in  view  of  cost, 
weight,  risk,  maintainability,  growth 
potential  and  major  design  concerns  listed 
in  Figure  5.  Then,  the  baseline  concept 
shown  in  Figure  6  has  been  selected. 
Structural  arrangement  looks  like  the 
conventional  aluminum  structure,  however, 
the  affordable  element  technologies  make 
the  fabrication  flow  very  simple  and  high 
structural  efficiency  and  good  accessibility 
can  be  maintained.  This  is  a  concept  of  “the 
right  person  in  the  right  place”. 


Figure  3  Unique  Hybrid  Co-Bonding 
Panel 


Figure  4  Panel  Compression  Test 
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Figure  5  Design  Consideration  for 
Composite  Wing 
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Figure  6  Baseline  Structural  Concept 
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Type-B;  Composite  Wing  with  hat-shape  stringers 


Figure  7  Weight  and  Cost  Comparison 


Results  of  the  cost  and  weight 
comparison  are  shown  in  Figure  7. 

Substantiation  Plan 

The  building  block  approach 
(Figure  8)  will  be  applied  in  the  structural 
verification  of  the  real  wing  development. 
In  this  research,  the  critical  portions  will  be 
tested  by  a  similar  approach  to  the  real 
structural  certification  tests  of  the  assumed 
flight  article  to  show  high  maturity  of  the 
technology.  In  the  initial  stage,  design 
requirements  and  conditions,  over  all 
certification  plan,  and  verification  test  plans 
have  been  clarified  and  reviewed  by  an 
experienced  person  who  has  the 
qualification  of  FAA  DER  for  structural 
integrity. 


Figure  8  Building  Block  Verification 


Conclusion 


The  first  phase  to  develop  element 
technology  has  been  almost  completed 
successfully  and  activities  continue  to  the 
second  phase  to  demonstrate  the  structural 
capability  with  full-scaled  test  article 
towards  realizing  an  affordable  composite 
wing. 
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Abstract 

The  innovative  study  of  applying  composite 
materials  to  the  cockpit  structure  has  been 
made  since  1999  sponsored  by  the  New 
Energy  Industrial  Technology  Development 
Organization  (NEDO)[l].  This  paper 
presents  the  molding  technology  of  foam 
core. 

The  final  objectives  of  our  research  and 
development  are  to  apply  Co-cured  CFRP 
sandwich  panel  with  foam  core  technology  to 
a  transport  aircraft  structure.  The  structual 
detail  of  conventional  built-up  structure  and 
CFRP  sandwich  panel  is  shown  in  Fig.l. 
They  leads  to  the  drastic  reduction  of  weight, 
part  count,  and  assembly  cost  as  compared 
with  the  conventional  built-up  structure.  The 
full  scale  test  of  cockpit  structure  will  be 
performed  in  the  final  year  for  substantiation. 
As  one  of  this  study,  several  tests  of  foam 
core  were  conducted  to  establish  the 
manufacturing  process  of  sandwich  panel 
with  foam  core. 

Key  Words:  Composite,  Foam  core, 
Sandwich  Structure,  Cock-pit 


reason  is  that  this  structure  is  superior  to  the 
conventional  honeycomb  sandwich  panel  in 
the  point  of  high  impact  resistance, 
negligible  water  entrapment,  good  electrical 
properties,  and  high  surface  quality. 

On  the  other  hand,  in  the  manufacturing 
process  of  sandwich  panel,  foam  core  should 
be  molded  prior  to  the  fabrication  of 
sandwich  panels.  The  core  is  formed  by 
heated  and  pressured.  It  is  necessary  to 
develop  the  molding  process  of  foam  core 
with  stable  quality  and  high  precision  and 
low  cost  to  fabricate  the  sandwich  panel. 
Several  properties  of  the  foam  core  have  been 
evaluated  to  establish  the  process  condition 
of  core-molding. 


Introduction 

In  recent  years,  the  sandwich  panel  with  foam 
core  is  applied  increasingly  for  the  aerospace 
structures,  besides  the  application  to  the 
Shinkansen[2]  and  other  transport.  The 
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(a)  Conventional  Built-up  structure 


fbl  CFRP  Sandwich  Structure 


Fig.l  Structual  detail  of  Conventional 
Built-up  structure  and  CFRP  Sandwich 
Panel 

Experimental  And  Results 
Core  Material 

Features  of  the  core  material,  named  RFC  S- 
60  by  KHI  is  as  follows. 

-closed-cell 
-thermoplastic  foam 
-high  service  temperature 
Sandwich  panel  can  be  cured  with  composite 
skins  for  at  180 °C.  Thickness  of  the  core 
sheet  is  35mm  constant  in  all  test  core. 


The  process  and  characteristics  of  core¬ 
molding 

Foam  core  is  formed  to  the  required  shape  by 
pressed  on  the  mold  after  heated  in  heat 
resources.  Following  tests  were  conducted  to 
determine  the  heating  method  and  the  heating 
temperature  condition  of  foam  core.  The 
molded  quality  is  dominated  by  these 
parameters. 

(1) Heating  method  of  Form  Core 

The  following  equipment  were  evaluated  to 
determine  the  suitable  way  of  heating  the 
core. 

(a) Circulated  air  oven 

(b) Hot-plate 

(c) Infrared  radiator  heater. 

Heating  temperature  of  the  core  was  ranging 
from  200  to  205^ .  Measurement  points  were 
the  top-surface,  side-surface,  and  inside. 

As  a  result,  the  saturated  temperature  of  top- 
surface  and  inside  rised  to  the  set  temperature 
in  every  equipment,  but  the  temperature  of 
side-surface  in  hot-plate  and  infrared 
radiator  heater  did  not  go  up  to  the  set 
temperature.  It  was  confirmed  that  the 
circulated  air  oven  is  suitable  equipment  for 
uniform  heating. 

(2) Heating  Temperature  Condition  of 
Foam  Core 

Molding  test  of  the  core  was  conducted  to 
optimize  heat  temperature  condition.  The 
schematic  diagrams  of  core-molding  is 
shown  in  Fig.2. 


Fig.2  Conventional  Core-Molding  Method 


The  six  kind  of  heating  temperatures  were 
selected  within  the  range  from  215  °C  to 
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190^.  The  core  size  was  500  mmL  and  100 
mmW,  and  the  molded  shape  had  a  single 
contour  of  R500  mm.  This  contour  has  a 
meening  of  the  dimension  of  a  minimum 
contour  in  the  cockpit  panel.  Vacuum 
pressure  was  applied  in  order  to  press  the 
core  against  the  mold. 

Figure  3  shows  the  tendency  of  spring-back 
and  shrinkage  of  the  core  thickness  after  the 
core  was  molded  by  each  temperature. 


Healing  Temparature(°C) 

Spring-back  was  measured  by  the  gap  between  the 
molded-core  and  the  mold. 

Fig.3  Tendency  of  spring-back  and 
shrinkage  of  the  molded  core 

The  following  result  were  obtained  by 
molding  tests. 

(1)  Increasing  heat  temperature,  the  amount 
of  spring-back  decreases,  and  the  core 
is  nearly  fitted  to  the  mold  when  it  is 
higher  than  205°C . 

(2)  Shrinkage  is  very  small  at  below  205*0, 
but  rapidly  increased  over  205°C. 

Next,  an  actual  size  of  the  core  with  complex 
contour  from  R500mm  to  R2000mm  was 
molded  on  the  basis  of  these  results 
corresponding  to  the  cockpit  structure.  Core 
size  was  about  lmL  and  lmW.  The  molded 
core  is  shown  in  Fig.4.  The  amount  of 
spring-back  and  the  shrinkage  of  thickness 
are  very  small  and  equivalent  to  the  above 
result.  According  to  our  experience,  this 
quality  is  practicaly  enough  to  fabricate  the 
sandwich  panel. 


Fig.4  Shaped  Core  at  the  condition  of 
optimum  heat  temperature 


Low-cost  Molding  Method 
Foam  core  should  be  divided  into  many 
pieces  for  the  large  scale  of  parts  as  the 
cockpit,  and  many  molds  must  be  needed  in 
every  devided  pieces. 

The  core  is  usually  molded  in  the  oven  and 
heat-proof  mold  is  required  for  the  molding 
temperature.  The  alternative  method  of 
molding  is  introduced  and  the  concept  of  the 
new  method  is  shown  in  Fig.5. 


<atmosphere  of  ordinary  temperatures> 
•  Bagging  Sheet 

Transfered 


. ,  r 


Mold 

(No  Healresistance) 


Up 

Vacuum 


Fig.5  Alternative  Core-molding  method 


In  this  method,  the  core  is  formed  on  the 
mold  at  room  temperature  after  it  was  heated 
in  the  oven.  Heat-proof  mold  is  not  required, 
so  that  mold  cost  can  be  reduced.  Because 
molds  does  not  need  to  set  into  the  oven.  Also 
heating  time  can  be  shortened  due  to  avoid 
heating  the  mold.  So  it  has  a  great  merit  to 
reduce  mold  costs  and  molding  time. 
Molding  tests  were  conducted  with  the 
alternative  method.  The  core  size  is  500mmL 
and  500mmW,  and  the  molded  cores  have  a 
single  contour  of  R500,  R1000,  R1500,and 
R2000.  The  cores  were  molded  while  the 
core  temperature  was  kept  from  200  °C  to 
205 °C. 
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Figure  6  shows  the  amount  of  spring-back  to 
each  shape  after  the  cores  were  molded. 


Fig.6  Amount  of  spring-back  vs  Molded 
shape  after  core  molded 

Large  amout  of  spring-back  occurred  in  all 
shapes,  and  as  the  contour  radius  increases, 
the  amount  of  spring-back  decrease. 
Thickness  shrinkage  was  not  always  occurred. 
One  of  the  method  to  correct  the  amount  of 
spring-back  is  adjust  the  shape  of  mold  in 
accordance  with  the  core  deformation. 
Fundamental  data  are  obtained  through  this 
test. 
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Conclusions 

The  following  results  could  be  obtained  on 
properties  of  foam  core  and  process  data  of 
the  core-molding. 

(1)  The  foundamental  heating  method  and 
molding  process  of  the  core  were 
established,  and  the  contoured  core  has 
enough  quality  for  the  practical  use. 

(2) Alternative  low  cost  method  for  mold 

the  core  was  established. 

The  reserch  and  development  of  molding  the 
core  technology  has  been  performed.  The 
manufacturing  process  of  sandwich  panels 
will  be  studied  at  the  next  step. 
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Abstract 

In  the  last  ten  years,  friction  stir  welding 
(FSW)  has  emerged  as  a  new  solid-state 
joining  technique  for  aluminum  alloys.  For  a 
design  of  light-weight  aircraft  structure, 
FSW  is  expected  to  be  an  optimum  welding 
process  and  yield  cost  benefits  over  the 
design  and  manufacturing  root.  At  the 
present  time,  FSW  is  conducted  mainly  for 
the  similar  materials.  However,  FSW  of 
dissimilar  materials  will  be  required  in  the 
near  future  for  the  advanced  aircraft  design. 

In  the  present  research,  we  have  tried  to 
apply  the  FSW  technique  for  dissimilar  light 
metals  such  as  5083  and  6061  aluminum 
alloys.  Then,  we  have  examined  the 
microstructure  and  the  mechanical 
properties  of  the  FSWed  aluminum  alloy 
joint. 

Key  Words:  Friction  Stir  Welding, 
Aluminum  Alloy. 

Introduction 

Friction  stir  welding  (FSW)  has 
emerged  as  a  new  solid  state  joining 
technique  [1],  especially  for  aluminum 
alloys  [2-6].  In  this  processing,  a  rotating 
tool  travels  down  the  length  of  contacting 
metal  plates,  and  produces  a  highly 
plastically  deformed  zone  through  the 


associated  stirring  action.  The  localized 
heating  zone  is  produced  by  friction  between 
the  tool  shoulder  and  the  plate  top  surface, 
as  well  as  plastic  deformation  of  the  material 
in  contact  with  a  tool  [1]. 

At  the  present  time,  FSW  is  conducted 
mainly  for  the  similar  materials.  As  far  as 
dissimilar  welding,  few  systematic  studies 
aiming  at  clarifying  an  effect  of  material 
combination  and  welding  conditions  on 
welding  property  [7-8]. 

However,  FSW  of  dissimilar  materials 
will  be  required  in  the  near  future  for  the 
advanced  aircraft  design.  In  the  present 
research,  we  have  tried  to  apply  the  FSW 
technique  for  dissimilar  light  metals  such  as 
5083  and  6061  aluminum  alloys.  Then,  we 
have  examined  the  microstructure  and  the 
mechanical  properties  of  the  FSWed 
aluminum  alloy  joint. 


Fig.l  Schematic  illustration  of  friction 
stir  welding. 
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Fig.2  Combinations  of  joining  materials. 


90  mm 


Fig.3  Dimensions  of  test  piece  for 
tensile  test. 


Experimental  procedure 

3mm  thick  plates  of  cold-rolled  5083 
(0.4%Si,  0.4%Fe,  0.4%Mn,  4%Mg,  balance 
Al)  and  6061 -T6  (0.7%Si,  0.7%Fe,  0.1  %Mn, 
1.0%Mg,  0.4%Cu,  0.1  %Cr,  balance  Al) 
aluminum  alloys  were  used  in  this 
experiment. 

Fig.l  shows  a  schematic  illustration  of 
the  experimental  apparatus.  The  test  piece 
was  fixed  onto  a  steel  plate  horizontally. 
Welding  direction  was  perpendicular  to  the 
rolled  direction  of  aluminum  plates. 
Diameter  of  tool’s  shoulder  was  10mm. 
Diameter  of  insert  pin  and  height  were 
3.0mm  and  2.8mm  respectively.  The  rotation 
speeds  of  tool  were  890rpm  and  1540rpm. 
The  traverse  speeds  of  the  moving  table 
were  1 1 8  mm/min  and  1 55  mm/min. 

Fig.2  shows  combinations  of  test  pieces. 
Following  FSW,  microstructures  of  the 
samples  were  observed  by  optical 
microscopy.  Vickers  microhardness  profiles 
were  measured  on  the  cross  section 
perpendicular  to  the  welding  direction. 
Tensile  test  was  performed  to  evaluate  the 
mechanical  property.  Fig.3  shows 
dimensions  of  a  tensile  specimen. 

Variations  of  the  Vickers  hardness  by 
aging  were  also  evaluated. 


Fig.4  Typical  appearance  of  5083  and 
6061  aluminum  alloy  joint,  (a)  top 
surface  (b)  root  surface 

Results 

Fig.4  shows  the  typical  appearances  of 
a  welded  5083-6061  specimen.  Both  at  top 
and  root  surfaces,  surface  roughness,  i.e., 
surface  quality  was  excellent.  Waving  burrs 
on  the  top  surface  were  observed  on  the 
retreating  side. 

Fig.5(a)  and  (b)  show  the  optical 
microscopic  photographs  of  the  cross 
sections.  In  Fig.5(c),  the  lines  indicated  by 
A- A’  and  B-B’  show  the  position 
corresponding  to  the  photographs  of  cross 
section  shown  in  Fig.5(a)  and  (b), 
respectively.  Since  5083  and  6061  aluminum 
alloys  have  difference  etching  behaviors,  the 
metal  flow  from  two  sides  was  clearly 
visible  in  the  nugget  (friction  stirred  region). 
On  the  upper  side,  two  aluminum  alloys 
were  relatively  separated.  In  contrast, 
complicated  layer  structure,  which  consists 
of  two  aluminum  alloys,  was  observed  on 
the  lower  part.  The  structure  was  formed  by 
the  traverse  of  the  rotating  tool  and  the 
thread  of  insert  pin. 

Fig.6  shows  element  distribution  maps 
by  EPMA.  Mg-rich  region  and  Cu-rich 


154 


Welding 

Direction 


Fig.5  Cross  sections  of  5083  and 
6061  aluminum  alloy  joint,  (a) 
Cross  section  perpendicular  to  the 
welding  direction  (line  indicated 
by  A-A’  in  (c))  (b)  Cross  section 
parallel  to  the  welding  direction 
(line  indicated  by  B-B’  in  (c» 


region  were  corresponded  to  5038  and  6061 
aluminum  alloy,  respectively.  It  seemed  that 
the  diffusion  and  chemical  reaction  did  not 
occurred. 

Fig.7  shows  hardness  distribution  at 
cross  sections  of  specimens.  At  5083-5083 
joining  zone,  the  hardness  was  slightly 
higher  than  the  original  value.  However,  in 


Fig.6  Element  distribution  map  on  the  cross 
section  of  5083-6061  joint  specimen  by 
EPMA.  (a)  Mg  (b)  Cu 


the  6061-6061  joining  zone,  the  hardness 
dropped  sharply.  It  is  likely  that  the  low 
hardness  is  attributed  to  the  re-solution  of 
the  precipitates  during  FSW.  Effects  of 
aging  on  the  hardness  distributions  were  also 
shown  in  Fig.7.  As  for  the  6061-6061  and 
6061-5083  joints,  hardness  at  the  interface 
of  the  joints  increased  as  the  aging  time 
increased. 

Table  1  shows  the  results  of  tensile  test. 
The  strength  of  5083-5083  joint  was  97%  of 
that  of  mother  material.  In  contrast,  the 
strength  of  6061-6061  joint  was  63%  of  that 
of  mother  material.  The  strength  of 
5083-6061  joint  was  almost  equal  to  that  of 
6061-6061  joint.  These  results  show  that 
tensile  strength  of  the  joint  is  affected  by  the 
types  of  the  joint  (similar  or  dissimilar)  and 
the  alloys  (5083  or  6061). 
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Fig.7  Vickers  hardness  distribution  of  as-welded  and  after  aging  materials  (at 
433K  in  oil  bath)  in  cross  section  perpendicular  to  the  welding  direction,. 

(a)  5083-5083  joint,  (b)  6061-6061  joint  (c)  5083-6061  joint. 


Conclusion 

FSW  of  the  similar  materials  (5083  and 
6061  aluminum  alloys)  and  dissimilar 
materials  (6061/5083)  were  carried  out. 
Every  couple  of  specimens  could  be  joined 
successfully.  That  is,  it  seems  that  FSW  has 
the  potential  for  joining  dissimilar  material 
such  as  different  types  of  aluminum  alloys. 
Welding  properties,  such  as  the  hardness 
distribution  and  the  tensile  strength,  were 
strongly  influenced  with  the  material 
combination. 
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5083  -  5083 

318 

21 

6061  -  6061 

199 

11 

6061  -  5083 

202 

7 

4. C.GRhodes,  M.W.Mahoney,  W.H.Bongel, 

R. A.Spurling  and  C.V.Bampton:,  Scripta 
Mater.,  36,  69(1997). 

5. V.Flores,  C.Kennedy,  L.E.Murr,  D.Brown, 

S. Pappu,  B.M.Nowak  and  J.C.McClure, 
Scripta  Mater.,  38,  703(1998). 

6. M.W.Mahoney,  C.GRhodes,  J.GFlintoff, 
R.A.Spurling  and  W.H.Bingel:,  Metall. 
Mater.  Trans.  A,  29A,  1 955(1 998).243-l  251. 

7. Y.Li,  L.E.Murr  and  J.C.McClure:,  Mater. 
Sci.  Eng.,A271,  213(1999). 

8. Y.Li,  L.E.Murr  and  J.C.McClure:,  Scripta 
Mater.,  40,  1041(1999). 


156 


Proceedings  of  7lh  Japan  International  SAMPE 
Symposium  6  Exhibition,  Nov.  13-16,  200 1 


Innovative  Cockpit  Structure 
-Friction  Stir  Welding  Technology  of  Al-alloy 

Takafumi  Sakanashi#,S.Iio,  Y.Hirose,  K.Araya,  K.Kosugi 

#:  Kawasaki  Heavy  Industries,  Ltd. 

1.  Kawasaki-Cho,  Kakamigahara  City,  Gifu-Pref.504-8710  JAPAN 
E-mail:  sakanashi_t@khi.co.jp 


Abstract 

The  Friction  Stir  Welding  (FSW)  is  a 
solid  state  joining  process  invented  by  The 
Welding  Institute  (TWI).  In  addition  good 
quality,  its  unique  process  allows  the  welding 
of  2xxx  and  7xxx  series  aluminum  alloys 
which  has  been  considered  unweldable. 
Traditionally,  these  alloys  have  been  limited 
to  use  only  in  mechanical-joined  structures. 
FSW  offers  huge  potential  for  low  cost, 
fastenerless  joining  of  lightweight  aircraft 
structure.  The  five  years  research  activity  that 
is  “technology  development  for  innovative 
cockpit  structure  of  a  transport  aircraft”  has 
been  started  in  1999  sponsored  by  the  New 
Energy  Industrial  Technology  Development 
Organization  (NEDO)[l].  As  one  of  the  new 
technologies  which  lead  to  the  cost  reduction 
and  the  number  of  parts  for  the  nose  structure, 
we  are  studying  to  apply  friction  stir  welding 
to  the  forward  pressure  bulkhead  consisting 
of  7050-T7451  aluminum  alloy  machined 
parts.  This  paper  describes  the  research  plan 
and  results  of  two  year. 

Key  Words:  Friction  Stir  Welding, 
Aluminum  Alloys,  Aircraft  Structure 

Introduction 

Five  year  research  activities  have 
started  in  1999.  This  paper  describes  the 
research  plan  and  Two  year  results.  The 


objectives  of  our  research  are  to  apply  new 
technology  Friction  Stir  Welding  (FSW)  to  a 
transport  aircraft  structures.  The  nose 
structure  of  an  existing  twin  turbojet  was 
selected  as  a  base  line  model.  It  is  expected 
that  the  application  of  FSW  leads  to  heavy 
reduction  of  weight  and  part  count.  In  our 
research  activities  of  two  year,  we  carried  out 
welding  test  by  coupon  specimens.  From 
those  test  results  we  welded  and  estimated 
sub-component  of  forward  pressure  bulkhead. 
Based  on  these  activities,  Friction  Stir 
Welding  test  equipment  was  introduced  and 
the  following  results  were  obtained. 

1)  Appropriate  welding  conditions 

2)  Mechanical  properties  of  welded  joints 

3)  Fabrication  and  Evaluation  of 
sub-component  article  of  forward 
pressure  bulkhead  with  FSW. 

Through  these  activities  the  prospects  of 
engineering  viability  for  the  application  of 
Friction  Stir  Welding  were  obtained  and  the 
next  step  of  our  studies  will  be  scheduled  to 
proceed. 

Friction  stir  welding  technology 

Friction  Stir  Welding  (FSW)  is  new 
solid  state  welding  which  was  developed  by 
TWI  in  1991.  2xxx  and  7xxx  series 
aluminum  alloys  can  not  be  welded  with 
conventional  welding  technologies.  Friction 
Stir  Welding  technology  enables  these  alloys 
to  be  welded  due  to  joining  temperature 
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below  their  melting  point.  Schematic  process 
of  FSW  is  shown  in  Fig.  1. Because  FSW  is 
solid  state  welding,  it  has  several  benefits  as 
below. 

1)  FSW  can  weld  A1  alloys  which  can  not 
welded  by  Fusion  welding. 

2)  FSW  joints  have  better  mechanical 
property  than  Fusion  welding. 

3)  FSW  process  is  suited  to  automation,  not 
required  special  welding  technique. 


Concepts  for  Forward  pressure  bulkhead 


Conventional  forward  pressure 
bulkhead  is  built  up  component  and  has  to 
maintain  structural  integrity  against  the 
damage  of  bird  strike.  In  this  case,  casting  is 
not  suitable  due  to  its  brittle  fracture  and 
composite  is  also  unsuited  because  of  open 
holes  for  system  installations.  In  order  to 
reduce  the  part  count,  application  of  the  FSW 
is  expected  to  be  suitable.  Fig.2  shows  new 
concept  for  pressure  bulkhead. 


Experimental  results 

Through  our  study  FSW,  equipment 
was  introduced  and  welding  conditions  and 
mechanical  properties  of  welded  joint  were 
estimated.  In  order  to  gain  the  perspectives  of 
the  application  of  FSW  technology,  welding 
conditions  should  be  estimated  and 
mechanical  properties  of  welded  portion 
should  be  estimated  as  the  step  results. 

Material  characterization  test  of  FSW joints 
In  the  FSW,  welding  conditions,  those  arc, 
rotation  speed,  welding  speed  the  shape  of 
tool  which  should  be  decided  for  2024  alloy 
and  7075  alloy  respectively  through  the 
laboratory  tests  using  these  conditions, 
coupon  size  welded  joint  specimens  were 
fabricated  and  mechanical  characterization 
tests  of  static  strength,  fatigue  strength,  crack 
propagation  and  corrosion  resistance  were 
conducted. 

The  following  results  were  obtained  through 
these  tests.  Static  and  fatigue  test  results  are 
shown  in  Table  1 .  For  crack  propagation  tests, 
the  crack  propagation  speed  of  FSW  joints 
was  a  little  faster  than  that  of  base  metal.  For 
corrosion  resistance  tests,  it  was  revealed  that 
2024  joints  have  tendency  of  faster  corrosion 
spread  and  7075  joints  have  tendency  of 
lower  spread.  Comparing  with  metal 
respectively.  Through  these  tests, basic 
mechanical  properties  of  FSW  joints  wre 
obtained.  These  data  can  be  used  for  the 
further  improvement  of  the  FSW  technology 
and  preliminary  design. 


Tensile 
strength  (%) 

Fatigue 
strength  (%) 

2024 

85-93 

About  80 

7075 

68-83 

About  60 

Base  metal  is  100% 

Table  I  Example  of  Table 
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Functional  tests  of  FSW  equipment 
FSW  equipment  was  introduced  to  be  used  in 
the  fabrication  of  full-scaled  article.  In  last 
year  functional  tests  of  the  equipment  were 
conducted  in  order  to  verify  the  compliance 
with  our  specifications.  The  general  aspect  of 
the  equipment  is  shown  Fig.3.  Based  on  the 
function  tests,  it  was  confirmed  that  the 
equipment  has  enough  capability  to  fabricate 
full-size  sub-component.  FSW  process  is 
shown  in  Fig.4. 

[FSW  equipment  Specification] 
work  table  size  :  1 .6m  width  x  2m  length 
control  type  :  3-axis  NC 

Max  rotational  speed  :  3,000rpm 
Max  travel  speed  :  lm/min. 


Fig.3  FSW  equipment 


Fig.4  FSW  process 

Evaluation  of  sub-component  test 
appearance  of  sub-component  test  article  of 
pressure  bulkhead  is  shown  in  Fig.5. 

After  welding  Non-Destructive  Evaluation 
(NDE)  process  (radiographic  inspection) 


were  conducted.  From  the  results  of  NDE, 
friction  stir  welds  are  free  of  volumetric 
defects. 

Specimens  cut  from  sub-component  test 
article  were  evaluated.  Tension  test  results  of 
sub-component  is  shown  in  Fig.6.[2]  FSW 
joints  have  78%  tensile  strength,  74%  yield 
strength,  64%  elongation  of  base  metal 
(7050-T7451). 

The  microstructure  of  cross  section  of 
sub-component  is  shown  in  Fig.7. 

It  is  investigated  stirred  metal  structure  at 
center  of  FSW  joint.  From  these  results  it  was 
confirmed  that  FSW  technology  is 
successfully  applied  to  the  sub-component 
test  article. 


Fig.5  Appearance  of  sub-component  of 
pressure  bulkhead 


Fig.6  Tensile  test  (7050-T7451) 
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Fig.7  Microstructure  of  cross  section 
Conclusions 

The  bare  bone  of  our  research  plan 
was  established.  Fundamental  research  and 
tests  of  Friction  Stir  Welding  were  conducted 
through  these  activities,  the  prospects  of  the 
weight  reduction  by  10%  and  the  part  count 
reduction  by  80%  were  obtained.  Based  on 
these  results  we  would  liked  to  proceed  with 
our  activities  toward  the  final  goal. 
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Abstract 

The  5-year  research  program  for 
cost  saving  product  design  and  light  weight 
design  on  wing  leading  edge  structure  of 
commercial  airplane  begun  in  FY1999.  This 
paper  describes  the  results  of  researches  in 
first  and  second  year.  A  leading  edge  with 
new  concept  has  been  designed  in 
consideration  of  bird  strike  and  de-icing  etc. 
The  new  technologies  to  be  applied  the 
concept  are  ;  •  Super  plastic  forming  (SPF) 
of  aluminum(Al.)  sheet  metal  *  Integral 
precision  Al.  casting  *  Ultrasonic  welding 
•  Magnetic  stirring  TIG  welding.  The  full 
scale  test  of  the  wing  leading  edge  will  be 
performed  in  the  final  year  for  the  sustanti- 
ation.  In  the  first  and  second  years,  prelimi¬ 
nary  design  and  structural  manufacturing 
trials  were  conducted,  and  mechanical/ 
metallurgical  properties  of  the  materials  and 
the  structural  elements  were  investigated. 
Experimental  design  data  against  the  bird 
strike  as  the  first  step  of  the  researches  were 
obtained. 

Key  Words:  Wing  Leading  Edge,  Bird 
Strike,  SPF,  Precision  Casting 


Introduction 

Properties  of  toughness  against 
bird-strike  and  of  anti-icing  are  required 
for  the  structures  of  a  wing  leading  edge. 
The  structures  on  conventional  airplane 
are  build-up  from  many  sheet  metals  and 
machined  parts,  and  assembled  using  a  lot 
of  fasteners.  The  newly  designed  leading 
edge  of  light-weight  and  cost-saving  in 
production  is  required  of  commercial 
airplanes  to  sustain  a  direct  impact  of  4  lbs. 
bird  at  Vc.  A  structure  of  wing  leading 
edge  of  commercial  airplane  was 
approach  ed  as  the  one  of  innovative 
structure  applied  cost-saving  product 
design  and  light  1-weight  design,  i.e.  super 
plastic  forming  (SPF),  integral  precision 
casting  and  high  quality  welding.  The 
structural  targets  of  this  design  is  to 
achieve  a  5%  weight  reduction  and  a  1/7 
part  count  reduction  compared  with  the 
conventional  ones. 

Design  Standard 

•  FAR  Part  25,  Structure  general 
requirements 
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■  Japanese  Airworthiness  Standard 
“Taikyusei  Sinsa  Yoro”  Cap.  ID 
(Transport  Category) 

•  FAA  AC  No:  25.5714(e) ,  Bird  impact 
requirements 

•  FAA  AC  No:  25-21,  Certification  of 
transport  airplane  structures 

Conceptual  Prototype 
for  the  Innovation  leading  Edge 

The  new  concept  wing  leading 
edge  was  preliminarily  designed  with 
metal  processes  shown  in  Fig.l.  The 
structure  consists  of  a  front  skin  panel,  a 
aft  support  frame  and  a  de-icing  tube.  The 
front  panel  consists  of  a  pair  of  5083  super 
plastic  forming  (SPF)  panels;  an  outer  skin 
and  an  inner  skin.  The  inner  skin  is 
corrugated  to  form  many  small  ducts  in 
which  hot-air  flows  for  anti-icing,  and  is 
expect  to  absorb  bird  strike  energy  by  its 
deformation.  SPF  process  is  applied  for  its 
forming  along  with  bending  of  the  panel  in 
to  a  shape  of  wing  section.  Before  forming, 
the  two  skins  are  lap  joined  by  using 
ultrasonic  spot  welding.  The  aft  support 
frame  is  made  of  one  piece  of  D357  Al. 
alloy  precision  casting  by  lost  wax  method, 
and  has  an  integrated  skin,  stiffeners  and 
ribs  of  minimum  1.5mm  thickness  for  a 
weight-saving  design. 


Fig.l  Structure  of  a  wing  leading  edge 

The  wing  leading  edge  is  installed  to 
CFRP  wing  box  by  the  Al.  alloy  wiggle 
plate  and  fasteners  to  release  the  deflection 
gap  between  wing  box  and  leading  edge. 
The  skin  panels  and  support  frames  are 
separately  welded  span-wise  using 
magnetic  stirring  TIG  welding .  A  titanium 
tube  with  many  small  holes  is  installed  in 
front  of  the  support  frame  to  supply  hot  air 
to  the  duct  on  the  skin  panel.  The  skin 
panel  and  support  frame  are  fastened  with 
rivets.  The  concept  of  structure  is  shown 
in  Fig.l. 

FEM  Analysis 

The  FEM  analysis  was  performed  for 
the  maximum  aerodynamic  load  and  the 
wing  deflection.  Through  this  statistical 
analysis,  It  was  confirmed  that  the 
structure  had  enough  strength  for  the 
loading.  Some  parts  have  an  excessive 
margin  of  safety  because  of  minimum 
gauge  of  casting.  A  dynamic  analysis  of 
bird  strike  on  the  wing  leading  edge  was 
performed  using  the  LSTC/ 
LS-DYNA950d  in  the  case  of  a  41bs  bird 
traveling  at  velocities  of  320  knots.  The 
FEM  model  consist  of  770  nodes,  747 
shell  elements  and  200  beam  elements. 
The  model  was  constrained  at  points 


assembled  to  the  wing  spar.  FEM  model  is 
shown  in  Fig.2. 

Fig.2  FEM  Model 
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The  result  of  the  analysis  is  shown  in  Fig.3 , 
indicates  that  bird  will  penetrate  through 
the  leading  edge.  The  design  criteria  of  the 
leading  edge  is  that  no  detrimental  damage 
occurs  to  the  forward  spar  web  of  the  wing 
structure  located  behind  the  leading  edge, 
as  fuel  leak  due  to  the  residual  energy  of 
the  bird  after  penetrating  the  leading  edge. 
Because  of  capabilities  on  the  present 
analysis,  it  would  be  inappropriate  to 
predict  the  residual  energy  and  an 
influence  of  the  damage  for  the  forward 
spar.  However,  a  qualitative  analysis  of 
the  thickness  and  the  different  materials 
properties  of  leading  edge  revealed  many 
interesting  features  of  the  damage 
extension. 


FWD  Panel 

(Case  No.0103) 

Fig.  3  Anal  y  sis  result 

Fabrication  Trials 

To  verify  the  design  concept 
and  its  productivity,  the  manufacturing  and 
testing  1  m  length  articles  were  produced. 
The  inner  and  outer  skins  of  the  front  skin 
panel  were  lap  joined  by  ultrasonic  spot 
welding  before  their  forming.  The 
ultrasonic  welding  are  solid-state 
metallurgical  bonds,  with  a  smoother 
surface  compared  with  other  welding,  it  is 
significant  to  keep  smooth  surface  on  its 
outer  skin.  The  bonded  double  blank 
sheets  were  press-formed  to  the  shape  of 
the  leading  edge.  And  Super-plastic 


forming(SPF)  Argon  gas  pressure  was 
supplied  in  the  bonded  sheets  to  make 
many  small  hot  air  ducts  of  the  inner  skin 
panel.  The  aft  support  frame  of  leading 
edge,  integrated  of  skin,  stiffeners,  ribs  etc. 
were  cast  by  a  lost  wax  method.  The 
master  model  was  made  using  a  rapid 
prototyping  method  based  CAD  data.  The 
forward  SPF  panel  and  the  aft  support 
casting  frame  were  TIG  welded 
span-wisely  with  magnetic  stirring 
respectively.  After  installing  anti-icing 
duct  of  titanium,  the  forward  panel  and  the 
aft  support  frame  were  fastened  by  flash 
head  rivets.  Fig.4  shows  over  view  of  the 
wing  leading  edge. 


Fig.4  The  assemble  of  test  article 
Experimental  Results 


Mechanical  and  metallurgical 
properties  of  the  materials  processed  by  SPF, 
casting  and  welding  were  investigated  by 
coupon  tests  and  structural  element  tests.  And 
the  bird  strike  tests  were  performed.  The  bird 
strike  tests  consisted  of  impacting  the 
fabrication  trying  articles  with  a  4-lbs  bird 
traveling  at  a  nominal  velocity  of  320  knots. 
From  the  high  speed  film,  the  residual  velocity 
of  the  bird  after  penetration  were  measured.  The 
test  articles  were  setup  with  a  17.5°  sweep  back 
angle  resulting  in  an  angle  of  72.5 0  between  the 
projectile  trajectory  and  the  leading  edge.  The 
outer  wing  skins  of  test  articles  were  1.6-mm 
(0.063-inch)  thick  5083  A.  with  a  0.8  mm 
(0.032  inch)  thick  5083  A.  inner  skin.  No.l  test 
was  impacted  directly  on  a  rib  with  an  artificial 
bird.  No.2  test  was  impacted  at  the  middle  of  rib 
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space  with  real  bird  (chicken).  No.3  test  was 
impacted  at  the  middle  of  rib  space  with  an 
artificial  bird.  As  a  result  of  these  tests,  The  bird 
penetrated  through  the  leading  edge.  The  hole 
was  opened  in  the  leading  edge  with  inward 
buckling  of  the  forward  panel.  These  features  of 
the  damages  were  different  from  the  other 
respectively,  shown  in  Table  1  and  Fig.5. 


Table  1  Impact  Test  Results 


Test  No. 

Bird, 

Impact 

Point 

Bird 

Velocity/ 

Residual 

V. 

(knots) 

Damage 

Hole 

Dim. 

(mm) 

Inward 
Buckling 
Length  of 
the  For- 
word 
Panel 

(mm) 

0102, 

Artificial 

On  the  Rib 

331 

/189 

210W 

X 

185H 

380 

0101, 

Chicken 

On  the 

middle  of 
Ribs 

317 
/  — 

120W 

X 

139H 

260 

0103, 

Artificial 

On  the 

middle  of 
Ribs 

320 

/about 

256 

145W 

X 

190H 

300 

(Test  No.OlOl) 

Fig.5  Post  impact  view  of 
the  leading  edge 


Conclusion 

The  FHM  analysis,  fabrication  trials 
and  an  investigation  of  the  bird  strike  tests  of 
the  wing  leading  edge  structure  applied  the 
new  technologies  has  revealed  many 
interesting  features  and  damage  characteristics. 
Especially,  the  bird  strike  test  results  indicate 
that  the  small  residual  energy  caused  by  an 
extensive  deformation  of  the  forward  panel  is 
notable  in  case  of  impact  on  the  rib.  It  means  to 
be  an  effective  design  of  the  short  rib-spacing 
and  the  small  ribs.  The  design  and  testing  of 
leading  edge  in  next  step  would  be  performed 
in  consideration  of  the  compromising  with  the 
integrity  of  the  forward  spar  on  possible  fuel 
loss. 

The  work  presented  here  forms  only  an 
initial  study  and  further  trials  are  required  to 
achieve  the  structural  targets. 
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Abstract 

Recent  development  of  casting  technology 
increases  the  demand  of  the  large  integrated 
casting  structure  in  order  to  reduce  the  parts 
count  and  structural  weight.  This  paper 
describes  the  technical  trend  of  the 
manufacturing  technology  and  the  distortion 
problem  encountered  in  the  application  of 
the  integrated  casting  to  the  large  size  and 
thin  wall  thickness  for  the  aircraft  structural 
part.  As  for  the  reduction  of  the  camber 
distortion  at  the  thin  wall  areas,  the  relation 
among  the  camber  distortion,  wall  thickness, 
reinforcement  rib  intervals  and  rib  height 
were  confirmed.  It  was  found  that  the 
appropriate  arrangement  of  the 
reinforcement  rib  improved  the  local 
distortion.  As  for  the  overall  distortion  of  the 
pressure  floor  support  structure,  it  was 
revealed  that  the  improvement  of  heat 
treatment  jigs  reduces  the  distortion  of  the 
casting. 

Key  Words:  D357,  Large  Integrated  casting 
Distortion,  Reinforcement  rib 

Introduction 

Kobe  Steel,  Ltd.  has  conducted  to  develop 
the  pressure  floor  support  casting  structure 
under  the  contract  of  Kawasaki  Heavy 
Industries,  Ltd.  in  1999  and  2000.  This  time, 
measurements  of  reducing  distortion  that 


occurs  in  the  heat  treatment  process  are 
described  experimentally  using  fundamental 
data  that  are  applied  on  the  pressure  floor 
casting  structure. 


R&D  Activities  and  Subjects  for 
Aluminum  One-piece  Casting  Structures 


Aluminum  one-piece  casting 
structures  have  been  widely  used  for  aircraft 
structures  and  engine  parts.  The  strength  of 
conventional  aluminum  castings,  however, 
has  large  dispersion,  which  has  prevented 
their  application  to  primary  structures. 
Recently,  the  D357  alloy  was  developed  as 
an  alloy  for  high  strength  castings  and  has 
improved  the  scattering  of  the  mechanical 
properties.  Fig.l  shows  the  frequency  of 
scatterings  of  the  tensile  strength  for  D357 
alloy,  die-forging,  extrusion,  and  plate0 .  The 
scattering  of  the  strength  of  D357  alloy  is 
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Fig.l  Comparison  of  Strength 
Distribution  of  D357  Alloy 
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Part  size  (mm) 


small  enough  compared  with  those  for  the 
forging  and  the  extrusion.  Because  of  the 
increased  reliability  of  the  strength,  castings 
tends  to  apply  the  aircraft  primary 
structures. 

Kobe  Steel  have  conducted  R&D  activities 
for  the  thin  wall  one-piece  structure  casting 
as  follows.  In  1987,  a  development  work  for 
a  DOOR  STRUCTURE  using  a  high 
strength  casting  alloy  A357  under  the 
contract  of  The  Society  of  Japanese 
Aerospace  Companies  was  started  as  a 
model  work  for  the  application  of  castings  to 
the  aircraft  primary  structures.  In  1996,  a 
development  work  for  the  application  of  the 
D357  alloy  to  LEADING  EDGE(under  the 
contract  of  the  JADC)  was  started,  and  in 
1999,  a  development  work  under  the 
contract  of  Kawasaki  Heavy  Industries,  Ltd. 
for  the  application  of  the  D357  alloy  to 


Minimum  thickness  (mm) 

(ON  TYPICAL  AREA) 

Fig.3  Relations  between  Casting  Size 
and  Wall  Thickness 


COCKPIT  PRESSURE  FLOOR  SUPPORT 
STRUCTURE  (See  Fig.2)  was  started.  In 
foreign  countries,  development  works  for 
the  bulk  head  were  conducted  in  1970,s. 2>  In 
recent  years,  R&D  activities  for  large-sized 
thin  wall  one-piece  castings  such  as  a  cabin 
door  of  large-sized  aircraft  have  been 
conducted  same  as  in  Japan3’.  Fig.3  indicates 
the  difficulties  of  casting  technology.4’  For 
example,  the  fabrication  of  the  larger  and 
thinner  casting  products  require  higher  level 
of  casting  technologies.  In  this  point  of  view, 
the  fabrication  of  pressure  floor  support 
structure  is  very  challenging.  In  the 
fabrication  of  pressure  floor  support 
structure,  the  distortion  during  the  heat 
treatment  due  to  thin  walls  is  an  important 
problem  to  be  solved.  In  the  following,  the 
fundamental  data  relating  to  the  decrease  in 
the  distortion  generated  during  the  heat 
treatment  of  thin  wall  castings  will  be 
presented  and  the  result  of  the  application  of 
these  data  to  the  pressure  floor  support 
structure  will  be  described. 

Experiments  to  Decrease  Heat  Treatment 
Distortion 


Method  of  Model  Test  to  Decrease  Camber 
Distortion 

To  decrease  the  camber  distortion  generated 
during  the  heat  treatment  of  aluminum  thin 
wall  castings,  model  tests  were  carried  out. 
In  this  test,  the  thin  wall  area  of  the  test 
article  was  strengthened  with  reinforcing 
ribs.  Fig.4  shows  the  photograph  of  the  test 


article  as  a  thin 
wall  casting 
model  (250  x 
200  x  80mm). 
The  test  articles 
are  comprised  of 
a  thin  wall 
bottom  area  with 


the  thickness  of 
2.0  mm  and 
high  rigidity 


Fig.4  Thin  Wall  Casting 
Model 


side  walls  with  the  thickness  of  5.0  mm  and 
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Wide 


Rib  interval (shorter) 

Fig.5  Relations  between  Rib  Interval 
and  Camber  Distortion 

the  height  of  80  mm.  In  the  thin  wall  bottom 
area,  reinforcement  ribs  with  various 
intervals  were  attached.  Through  this  test, 
the  relation  between  the  rib  intervals  and  the 
camber  distortion  were  obtained.  The  test 
results  are  shown  in  Fig.5  and  Fig.6.  The 
figure  5  indicates  that  the  camber  distortions 
in  the  area  surrounded  with  ribs  and  walls 
increase  rapidly  over  the  certain  value  of  the 
rib  interval  to  thin  wall  thickness  ratio.  The 
figure  6  tells  us  that  the  camber  distortions 
decrease  rapidly  over  the  certain  value  of  the 
wall  thickness  for  the  constant  rib  interval. 
On  the  basis  of  these  results,  reinforcement 
ribs  were  applied  to  the  pressure  floor 
support  structure.  The  results  are  also 


Wal  I  thickness  (mm) 

Fig.6  Relations  between  Wall 

Thickness  and  Camber  Distortion 

the  results  of  model  tests.  The  results 
mentioned  above  gave  design  guidelines  of 
reinforcement  ribs  to  prevent  the  camber 
distortion  for  aluminum  thin  wall  castings. 

A  Test  to  Decrease  The  Overall  Distortion 
of Pressure  floor  Support  Structure 
When  the  pressure  floor  support  structure 
casting  with  the  size  of  1850  x  1520  x  350 
mm  is  heat-treated,  not  only  the  camber 
distortion  in  the  thin  wall  area  but  also  an 
overall  distortion  of  the  structure  is  caused. 
Fig.7  shows  the  data  of  its  overall  distortion. 
Possible  measures  to  decrease  the  overall 
distortion  are  to  fix  the  component  with  jigs 


plotted  in  Fig.5  and  6.  They  are  similar  to 


C 


C point  -^J  45  3|5  745  1315  1810  mm 

Fig.7  Overall  Distortion  of  Pressure 
floor  Support  Structure 
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during  the  heat  treatment,  to  find  the  suitable 
position  of  the  component  during  heat 
treatment  and  to  give  the  inverse  distortion. 
The  latter  two  measures  were  estimated  in 
this  study.  The  overall  distortion  of  the 
structure  was  measured  for  the  two  different 
positions.  One  was  the  normal  position  and 
the  other  was  upside  down.  For  the  upside 
down  case,  the  pre-distortion  was  given  with 
spacers  between  jigs  and  the  component. 
Through  these  measures,  70%  reduction  of 
the  overall  distortion  was  achieved. 

In  order  to  find  the  suitable  position  for  the 
heat  treatment,  the  shape  of  the  component 
and  the  cooling  rate  of  the  component 
should  be  considered. 

Application  Examples  of  One  Piece 
Castings 

Kobe  Steel,  using  a  high  strength  casting 
alloy  A357,  is  producing  several  tens  of 
kinds  of  one-piece  thin  wall  castings 
including  passenger  door  parts  for 
commercial  aircraft  (800  x  400  x  360,  wall 
thickness  :  2.8  mm).  D357  alloy  is  applied  to 
air  inlet  parts  for  aircraft  (1500  x  900  x  400 
mm)  on  a  mass  scale.  D357  alloy  makes  it 
possible  to  produce  high  strength  one-piece 
castings  with  more  stable  quality  than  that 
by  A3 57  alloy. 

In  other  countries,  using  high  strength 
casting  alloys  such  as  A3 5 7  and  D357, 
large-sized  primary  structures  including 
door  structures,  leading  edges,  and  kruger 
flaps  are  produced  on  a  mass  scale. 

The  development  of  D357  alloy  is 
increasing  the  application  of  castings  to 
aircraft  primary  structures.  One-piece 
casting  satisfies  the  requirement  for  cost 
reduction  and,  consequently,  the  requirement 
for  the  cost  reduction  is  also  accelerating 
this  tendency. 

Conclusion 

Although  the  development  of  D357  alloy 
has  increased  the  reliability  of  casting 


strength,  the  distortion  of  thin  wall 
one-piece  castings  caused  during  the  heat 
treatment  process  has  been  remaining  as  an 
important  problem.  This  problem  has  been  a 
barrier  to  the  application  of  one-piece 
castings  to  aircraft  primary  structures.  Since 
it  was  found  in  this  study  that  the  camber 
distortion  in  thin  wall  area  can  be  decreased, 
it  became  possible  to  propose  an  appropriate 
shape  of  the  structure  and  incorporate  it  into 
the  design  of  aircraft  castings.  Straightening 
of  the  camber  distortion  of  the  thin  wall  area 
during  the  production  process,  which  has 
hitherto  been  impossible,  became  possible. 
By  introducing  pre-distortion,  the  overall 
distortion  can  be  decreased  to  the  level  of 
the  straight. 

Recent  tendency  of  the  cost  reduction  in 
aircraft  industry  will  accelerate  the 
application  of  thin  wall  one-piece  castings  to 
aircraft  structures.  To  meet  the  customer 
requirement  of  cost  reduction,  we  would  like 
to  continue  further  technical  innovation. 
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Abstract 

Utilization  of  knowledge  of  CFRP 
and  GFRP  to  each  other  is  important  subject 
to  expand  demand  for  composite  materials. 
As  a  first  step  of  mutual  utilization  of  the 
knowledge,  axial  tensile  properties  of  CFRP 
out  of  epoxy,  unsaturated  polyester, 
vinylester,  and  phenolic  resins  are  studied. 
Tensile  load  at  failure  is  measured  with 
CFRP  single  end  specimens  which  are  made 
of  Torayca  carbon  fiber  T300B-3k  and  the 
said  resins.  To  give  a  conclusion,  the  tensile 
load  at  failure  with  CFRP  specimens  out  of 
four  different  matrix  resin  types  is  in  same 
level.  Resin  contents  and  void  contents  don’t 
have  a  great  influence  upon  the  failure  load, 
but  insufficient  cure  gives  poor  strength. 

Key  Words:  CFRP,  Resin  matrix  effect, 
Tensile  strength  property 

Introduction 

Light  in  weight,  and  high  strength  and 
high  elastic  modulus  at  axial  tension  loading 
are  characteristic  of  CFRP.  The  forte  has 
adapted  aircrafts,  spacecraft,  sporting  goods 
such  as  race  cars,  race  yachts,  golf  clubs, 
tennis  rackets,  etc.  But  a  demand  has  been  a 
little.  GFRP  has  been  established  production 
system  in  the  steadily  increasing  volume  and 
has  achieved  the  results  of  the  world  business 


more  than  five  million  metric  tons  a  year  for 
various  uses.  Utilization  of  knowledge  of 
CFRP  and  GFRP  to  each  other  is  an 
important  subject  to  expand  demand  for 
composite  materials.  CFRP  has  been 
fabricated  for  the  most  case  out  of  epoxy 
resin.  On  the  other  hand  GFRP  has  been 
fabricated  out  of  unsaturated  polyester  and 
phenolic  resin  since  its  practical  use  in  1940s. 
As  a  first  step  of  mutual  utilization  of  the 
knowledge,  axial  tensile  properties  of  CFRP 
out  of  epoxy,  unsaturated  polyester, 
vinylester  and  phenolic  resins  are  studiedl)2). 

Experiment 

Materials 

Carbon  fiber  Torayca  T300B-3k  (Toray 
Industries)  Lot  No. 4 19081  and  four  resins 
given  in  Table  1  are  used. 

Procedure 

ISO 106 18- 1999  is  applied  to  all  the  test 
procedure.  T300  single  end  yarn  is 
impregnated  with  matrix  resin,  then  squeezed 
excess  resin  in  order  to  control  resin  content 
and  also  to  avoid  forming  resin  beads  on  the 
specimen  after  cure.  Since  resin  beads  on  the 
specimen  tend  to  cause  failure  inside  of  the 
grip  at  low  tensile  load,  the  specimens  with 
beads  are  discarded  by  visual  inspection. 
Instron  Type  4466  with  air  actual  grips  is 
used  for  tensile  testing.  To  fasten  the 
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specimen  emery  cloth,  grit  200  or  240,  is 
inserted  between  the  specimen  and  chuck 
faces  of  the  grip.  Gage  length  150mm  and 
crosshead  movement  speed  lmm/min  apply 
without  specially  notified.  Resin  contents 
and  void  contents  are  determined  by 
measuring  density  of  the  specimen  in 
ethanol. 

Number  of  test 

Number  of  test,  30,  was  determined 
by  statistic  analysis  of  300  measurements  for 
T300-ERL4221/BF3MEA  specimen,  which 
was  carried  in  advance  to  know  the 
distribution  features  based  on  MILHDBK- 
5C.  It  is  confirmed  that  300  individual 
measurements  can  be  explained  as  the 
Normal  distribution. 

Experimental  Results  and  Discussion 

The  results  are  given  in  Table  1  and 
Fig.  1  to  Fig.7.  In  Table  1  test  results  on 
tensile  failure  loads  per  single  end  CFRP 
specimen  for  epoxy,  unsaturated  polyester, 
vinylester  and  phenolic  resins  are  given. 
Two  commercial  products  for  each  resin  are 
chosen.  Average  value  (N),  standard 
deviation  (SD,  N)  and  coefficient  of  variation 
(CV,  %)  are  calculated  regarding  the 
observed  loads  conform  to  the  Normal 
distribution.  Those  figures  are  useful  to 
define  how  many  numbers  of  T300B-3k  yam 
are  needed  for  CFRP  parts  to  endure  a  given 
tension  load  under,  for  example,  reliability 
95%  and  failure  probability  90%.  Average 
failure  load  of  IB  is  higher  and  4G  is  lower 
than  the  others,  and  also  standard  deviation 
of  both  IB  and  4G  is  higher  than  the  others. 

Figures  1  to  Figure  4  illustrate  the 
distribution  of  failure  loads  for  CFRP  single 
end  specimens  out  of  four  resins,  two 
commercial  products  each.  The  distribution 
feature  and  the  range  of  failure  loads  of  eight 
CFRP  samples  present  similarity  each  other. 
In  Figure  1  the  distribution  for  carbon  fiber 
specimen  (without  resin  impregnation  and 
curing)  is  given  as  a  reference  and  average 


value  is  around  100N. 

Figure  5  illustrates  the  effect  of  resin 
mass  content  of  test  specimens  on  the  failure 
load  being  exemplified  by  a  case  of  epoxy 
resin  composites.  The  resin  content  has  no 
effect  on  the  failure  load  as  far  as  the  strength 
is  represented  load/end  (N)  and  not  by 
load/cross  sectional  area  (N/mm2  or  Pa). 

Figure  6  illustrates  the  effect  of  gage 
length  of  the  test  specimens  from  50mm  to 
250mm.  It  is  evident  that  the  gage  length  has 
no  relation  with  the  ultimate  failure  load  in 
contrast  with  the  case  of  metals.  Size  effect 
on  the  strengths  is  the  point  at  issue  to  make 
use  of  large  structures  such  as  big  boats,  long 
bridges  or  tall  building.  The  effect  of  length 
of  yarn  and  number  of  collimated  yarns 
should  be  elucidated. 

Figure  7  illustrates  the  effect  of  cure 
conditions  as  an  example  of  vinylester  resin 
3E.  Vinylester  resin  can  polymerize  and 
crosslink  even  at  room  temperature  to 
provide  apparently  composite  materials,  but 
it  is  not  yet  sufficiently  cured.  3E  kept  at 
room  temperature  about  25°C  for  one  day 
gives  fairly  lower  ultimate  tensile  failure 
loads  compared  to  3E  heat  treated  at  80°C, 
2hours  after  room  temperature  curing. 
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Abstract 

This  paper  describes  an  approach  to 
the  integrated  design  and  manufacture  of  a 
cost-effective  optimised  composite  aircraft 
control  surface.  By  broadening  the  design 
constraints  to  consider  both  production  and 
operational  requirements,  the  result  was  an 
improvement  to  the  overall  quality  of  the 
design  and  the  design  process.  The 
application  of  computer  aided  engineering 
tools  throughout  the  design  was  found  to  be 
a  powerful  approach  for  the  rapid  detection, 
visualisation  and  rectification  of  potential 
structural  and  manufacturing  problems.  By 
employing  an  integrated  approach  to 
structural  analysis,  manufacturing  and 
computer  aided  design,  the  result  was  the 
development  of  an  optimised  structure  that 
not  only  met  all  the  stringent  design 
constraints,  but  also  from  a  manufacturing 
viewpoint,  was  highly  cost-effective. 

Key  Words:  Design,  Manufacture,  Cost, 
Optimisation 

Introduction 

The  process  of  designing  aircraft 
control  surfaces  usually  involves  the 
meeting  of  stringent  requirements  against 
sometimes  competing  goals.  In  order  to 


produce  a  structure  capable  of  satisfying  all 
the  demands  imposed  on  it,  there  is  a  need  to 
establish  a  strong  collaborative  approach  in 
the  early  stages  of  design  between  the 
various  disciplinary  areas  of  computer  aided 
design  (CAD),  finite  element  (FE)  analysis, 
design  optimisation  and  manufacturing. 
This  paper  presents  such  an  approach  and 
the  associated  benefits  in  pursuing  this 
methodology.  Furthermore,  it  is  shown  how 
the  implementation  of  CAD  was  deemed  to 
be  highly  important  throughout  the  research 
and  development  program,  as  it  enabled  the 
representation  of  FE  and  optimisation  results, 
that  in  turn  facilitated  the  generation  of  cost- 
effective  manufacturing  solutions. 

The  structure  studied  was  a  large 
civil  transport  aircraft  control  surface. 
Loading  conditions  were  derived  from  the 
operational  conditions  experience  by 
structures  of  a  similar  size  and  function, 
with  the  manufacturing  concept  being  a  rib 
and  spar  dominated  co-cured  construction. 
The  primary  design  constraints  for  this 
structure  included  various  buckling,  slope 
and  strength  requirements.  To  complement 
this,  the  structure  also  needed  to  satisfy  the 
manufacturing  concerns  of  tooling  cost, 
process  development,  labour  intensity  and 
the  risks  associated  with  innovative 
advanced  composite  manufacture. 
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Optimisation  and  FE  Analysis 

Design  optimisation  is  of  primary 
importance  at  both  the  preliminary  design 
and  the  detailed  design  stages.  In  the  early 
phases  of  the  design  process,  the  level  of 
complexity  and  configurational  possibilities 
that  exist,  can  often  overwhelm  the 
designer’s  ability  to  select  the  most  suitable 
solution  in  which  to  initiate  detailed  analysis. 
In  this  light,  the  implementation  of 
commercial  finite  element  codes  such  as 
MSC.Patran/Nastran  (Patran/Nastran)  and 
AN  SYS  (Ansys)  have  been  employed  for 
this  study.  Ansys  was  used  at  the  conceptual 
level,  whilst  Patran/Nastran  enabled  detailed 
analysis  and  refinement  of  the  structure. 
The  capability  of  Ansys  was  found  to  be 
particularly  powerful  in  topological 
optimisation  studies,  as  design  variables 
making  up  the  internal  configuration  were 
allowed  to  vary  and  their  influence  studied. 
Thus  design  unknowns  such  as  rib  or  spar 
population  and  position,  distribution  of 
thickness  and  mass  allocation,  and  the 
identification  of  likely  regions  of  structural 
failure  could  be  ascertained  and  evaluated 
[1,2]. 


Fig.l  Results  of  an  optimisation  routine 
as  performed  by  Ansys 

Once  a  concept  of  the  initial  internal 
configuration  had  been  decided,  it  was 
possible  to  modify  the  design  variables 
within  Ansys  via  iterative  runs  in  an  attempt 
to  optimise  the  structure.  Figure  1  shows 


the  results  for  a  topology  optimisation 
routine.  The  initial  step  prior  to  conducting 
the  optimisation  was  to  read  the  outer  mould 
line  geometry  of  the  structure  and  to  ensure 
that  operations  such  as  cutting  areas,  lines 
etc.  could  be  performed  without  problems. 
Aerodynamic  loads  and  wing  sympathetic 
bending  conditions  were  then  imposed,  after 
which  topology  optimisation  was  undertaken 
to  systematically  re-distribute  and  eliminate 
material  throughout  the  structure,  whilst 
satisfying  all  of  the  imposed  loading 
conditions. 


Fig.2  Results  of  an  FE  analysis  for 
buckling  using  Patran/Nastran 

After  a  suitable  design  configuration 
was  selected,  a  surface  model  of  the  control 
structure  was  created.  The  CAD  model  was 
imported  into  Patran  where  it  was  meshed 
and  the  loads  and  constraints  applied.  A 
Nastran  FE  analysis  was  undertaken  to 
determine  the  buckling  eigenvalues,  out-of- 
plane  displacements  and  failure  index  under 
the  specified  loading  conditions  using  the 
desired  materials. 

Computer  Aided  Design 

The  CAD  software  used  for  the 
visualisation  of  the  design  and 
manufacturing  processes  was  CATIA.  A 
detailed  representation  of  the  FE  model 
within  CAD  was  found  to  significantly 
enhance  the  understanding  of  the  geometric 
characteristics  of  the  control  surface.  This 
in  turn  enabled  implementation  of  low-cost 
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manufacturing  practices,  by  enabling 
manufacturing  issues  to  have  an  influence 
on  the  evolution  of  the  structure.  Any 
manufacturing  modifications  were 
implemented  into  the  CAD  model;  the 
model  was  then  re-imported  into  the  FE 
model  where  it  was  re-checked  to  ensure 
satisfactory  structural  integrity.  This 
approach  allowed  the  design  process  to  be 
iterated  between  the  constraints  of  structural 
design  and  manufacturing,  employing  CAD 
as  the  interface  between  the  two  disciplines. 
Termination  of  this  design  cycle  only 
occurred  when  the  CAD  model  was  able  to 
represent  a  component  that  not  only  met  all 
load  requirements,  yet  satisfied  many  of  the 
cost  driven  manufacturing  issues.  Figure  3, 
shows  the  CAD  representation  of  the  final 
configuration  of  the  control  surface. 


Fig.3  CAD  representation  after  all 
manufacturing  and  structural 
issues  were  addressed 


As  the  production  cost  of  any  part 
can  be  shown  to  be  a  direct  function  of  its 
geometric  complexity  [3],  the  profiles  and 
geometry  of  certain  members  became  highly 
dependent  upon  the  selected  manufacturing 
process.  Resin  film  infusion  was  the  chosen 
process  in  which  the  control  surface  was  to 
be  fabricated;  this  presented  some  unique 
problems  that  could  only  be  studied  using 
CAD.  For  instance,  the  detailed  geometric 
features  of  the  interface  and  nesting  regions 
between  adjacent  parts  to  ascertain  the 
quality  of  the  connections,  as  well  as  part 


internal  radii,  were  extensively  studied  to 
ensure  manufacturability  of  individual 
components  and  overall  construction  of  the 
component. 


Manufacturing 

One  of  the  most  important  aspects 
for  manufacturing  was  to  determine  a 
solution  that  would  minimise  the  recurring 
costs  associated  with  production.  Ideally, 
the  most  desirable  solution  would  be  the 
construction  of  the  control  surface  as  a 
single  component.  However,  due  to  design, 
assembly  and  tooling  limitations,  the 
realistic  option  is  most  likely  be  a 
compromise  solution  between  minimising 
tooling  complexity  and  maximising  unitised 
construction  [4]. 

The  use  of  CAD  was  employed  to 
achieve  this  goal,  by  enabling  a  virtual 
presentation  of  the  final  control  surface 
configuration.  The  tooling  geometry  was 
then  designed  directly  within  the  model  by 
filling  the  empty  spaces  between  the  internal 
members.  Since  the  selected  manufacturing 
process  employs  co-curing  to  reduce 
fastener  related  costs  and  mass,  after  the 
tooling  profile  had  been  obtained, 
methodologies  for  tooling  assembly, 
installation  and  release  were  defined  to 
generate  the  most  practical  and  low-cost 
solution.  This  then  led  to  a  focus  on  tooling 
design,  which  then  addressed  the  specific 
problems  of  sealing,  location  and  sizing  of 
bleed  holes,  elimination  of  spaces  (allowing 
for  resin  migration)  and  the  accommodation 
of  tool  movement  during  compaction  and 
cure.  In  fact,  a  wide  range  of  potential 
manufacturing  problems  and  defects  were 
identified  and  rectified  by  closely  interfacing 
the  CAD  and  FE  models  and  manufacturing 
issues,  before  costly  tooling  was  built. 

Discussion  of  the  Design  Process 

The  integration  of  the  design 
disciplines  of  optimisation,  FE  and  CAD 
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modelling  with  the  various  manufacturing 
disciplines  at  the  initial  phases  of  design, 
was  found  to  be  essential  in  developing  an 
aircraft  structure  that  would  be  capable  of 
satisfying  broad  design  constraints.  The 
results  obtained  from  the  Ansys  optimisation 
routines  enabled  multiple  solutions  to  be 
generated,  from  which  the  most  suitable  was 
selected  for  further  analysis  and  refinement 
using  Patran/Nastran. 

Studies  indicated  that  the 
optimisation  process  is  very  useful  at  the 
conceptual  level,  particularly  in  gaining 
insights  during  the  preliminary  lay-out 
design.  However,  once  solutions  have  been 
generated,  difficulty  was  noted  to  lie  in  the 
interpretation  of  the  results.  At  this  stage  of 
the  design  process,  the  decision  to  proceed 
to  detailed  FE  analysis  using  a  selected 
configuration  becomes  dependent  on  the 
experience  and  judgement  of  the  designers. 
Patran/Nastran  was  employed  to  analyse  the 
failure  conditions  of  buckling,  out-of-plane 
displacement  and  material  strength. 
Depending  upon  the  results,  adjustments  to 
improve  the  performance  of  the  structure 
were  implemented,  with  all  changes 
constantly  updated  into  the  CAD  model 
ready  for  manufacturing  assessment  and 
input.  The  use  of  CAD  proved  to  be  an 
important  communications  interface, 
between  the  results  generated  by  numerical 
analysis  and  the  practical  demands  imposed 
by  manufacturing  [5].  In  this  role,  CAD 
facilitated  the  representation  of 
manufacturing  features  in  the  design  model, 
the  use  of  manufacturing  simulations  data  to 
assess  production,  and  the  inclusion  of 
process  information  throughout  the  design 
stages.  The  overall  result  was  a  structure 
with  excellent  structural  integrity  and  highly 
favourable  manufacturing  characteristics. 

Conclusion 

The  CAD  package,  CATIA,  was 
utilised  in  conjunction  with  the  finite 


element  modelling  programs,  Patran/Nastran 
and  Ansys,  to  provide  a  detailed  interface 
with  manufacturing,  for  the  design  of  an 
aircraft  control  surface.  Optimisation 
enabled  multiple  design  solutions  to  be 
compared  and  evaluated  to  determine  the 
most  viable  configuration.  Difficulty  during 
this  phase  of  the  design  lay  in  the 
interpretation  of  the  results,  as  it  was  noted 
that  decisions  to  proceed  to  detailed  FE 
analysis  became  highly  dependent  upon  the 
experience  and  judgement  of  the  designers. 
It  was  necessary  to  constantly  update  the 
CAD  model  to  represent  structural 
performance  changes  in  the  FE  model  for 
manufacturing  input  and  evaluation.  By 
being  involved  within  the  design  cycle,  the 
manufacturing  issues  can  directly  influence 
the  design  and  evolution  of  the  structure. 

A  cknowledgments 

The  authors  would  like  to  thank  their  RMIT 
colleagues,  Ms  Stephanie  Germancheva,  Mr 
Cameron  McMahon  and  Mr  Sagar 
Rajbhandari,  and  also  Mr  John  Raju  and  Dr 
Adrian  Rispler  from  the  research  and 
development  team  at  Hawker  de  Havilland, 
Bankstown  for  their  support. 

References 

1.  C.D.  McMahon,  M.L.  Scott  and  S.P. 
Rajbhandari:  Proc.  of  13th  International 
Conference  on  Composite  Materials  (ICCM- 
13),  Beijing,  China,  CD-ROM  (2001). 

2.  C.D.  McMahon  and  M.L.  Scott:  Proc. 
of  9th  Australian  International  Aerospace 
Congress  (AIAC-9),  Canberra,  Australia 
CD-ROM  (2001). 

3.  D.  Do,  R.  Paton,  S.  John  and  I. 
Herszberg:  Proc.  of  12th  International 
Conference  on  Composite  Materials  (ICCM- 
12),  Paris,  France,  CD-ROM  (1999). 

4.  J.  Raju,  T.  Kanavas,  T.  Kruckenberg 
and  J.  Salmon:  CRC-ACS  Technical 
Memorandum,  June  (1997). 

5.  M.L.  Scott,  J.A.S  Raju  and  A.K.H. 

Cheung:  Composites  Science  and 

Technology,  58,  199(1998). 


176 


Proceedings  of  7Ih  Japan  International  SAMPE 
Symposium  §  Exhibition,  Nov.  13*16,  200 1 


Low  cost  composite  design  and  manufacturing  options 


Masugi  Kyoichi# 

#:  Fuji  Heavy  Industries  Ltd.  Aerospace  Division  Technology  Development  Center 
1-1-11  Yonan,  Utsunomiya,  Tochigi  320-8564,  JAPAN 
E-mail :  MasugiK  @ uae. subaru-fhi .co.jp 


Abstract 

Though  the  composite  materials 
used  to  be  applied  to  make  the  airframe 
lighter  paying  some  costs,  in  90s  the 
composite  technology  trend  toward  the 
affordable  structure  rapidly.  For  2000s,  most 
important  key  word  of  the  composite 
technology  research  and  development  area 
will  continue  to  be  affordability.  However  it 
is  always  required  to  make  airframe  lighter, 
the  detail  design  conditions  and  the  detail 
requirements  of  the  airframe  vary 
components  by  components,  parts  by  parts 
and  the  functions  that  are  required.  To 
comply  with  every  requirement  and  to 
achieve  affordability  at  the  same  time,  the 
airframe  needs  to  be  optimized  to  integrate 
the  ample  of  low  cost  fabrications  and 
assembly  technologies.  And  also  it  is 
important  to  employ  the  design  that  can  fully 
use  the  characteristic  of  those  technologies. 
Thus  Fuji  heavy  industries  have  been 
conducting  research  and  development  of  the 
affordable  part  fabrication,  assembly  and 
design  concepts. 

Key  Words:  Affordable,  Composite 

Introduction 

Efforts  to  employ  low  cost  composite 
structure  had  been  taken  various  approaches 
such  as  material,  fabrication  and  assembly. 
The  requirements  such  as  cost,  weight  and 


function  is  different  among  every  airframe 
development  program  and  also  the  resources 
are  different  among  each  manufacturers. 
Thus  the  optimum  design  should  be 
individual.  Several  structural  concepts  for 
elevator  as  one  of  the  most  popular 
composite  applied  structure  in  commercial 
aircraft  are  reviewed  here. 


Design  Considerations 

Elevator  structure  for  example  study  is 
shown  in  Fig.l,  and  appropriate  loads  are 
considered  the  study. 


Fig.l  Elevator  structure  for  study 


The  Structural  concepts  for  elevator 
are  generally  classified  as  Assembled 
structure  or  Monolithic  structure,  and/or 
sandwich  structure  or  solid  structure. 

Though  the  fastener-assembled 
structure  has  many  advantages  in  numerous 
application  experiences,  reliability  in 
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environment  and  inspectionability  / 
repairability  in  operation,  on  the  other  hand  it 
is  need  to  be  thicken  around  the  joint  because 
of  low  bearing  strength  and  stress 
concentration.  Since  every  component  in 
monolithic  structure  is  joined  by  adhesive  or 
resin  without  applying  holes,  reinforcement 
around  the  holes  are  not  required.  But 
dedicated  equipment  may  be  required  for 
assurance  in  production  and  inspection/repair 
in  operation. 

Though  honeycomb  sandwich 
structure  has  advantage  in  weight  with  its 
high  stiffness  compare  to  solid  laminate 
structure  for  non-buckle  design  structures, 
honeycomb  sandwich  structure  is  suffering 
from  water  infusion  or  repair  issues.  Solid 
laminate  do  not  have  water  infusion  problem 
and  can  be  applied  easier  repair  method  than 
sandwich  structure,  but  post  buckle  design 
which  requires  more  complicated  design  and 
more  design  data  than  sandwich  structure 
must  be  employed  to  minimize  weight. 

Low  Cost  Fabrication  Concepts 

Several  low  cost  composite 
fabrication  methods,  described  below,  was 
done  applying  to  following  structure  concept 
review  in  next  chapter. 

Monolithic  RTM  part  fabrication 

Wet  process  such  as  RTM  process  is 
known  as  one  of  keys  for  low  cost  composite 
technologies.  Two  different  approaches  will 
be  reviewed  here.  One  is  RTM  full  depth 
honeycomb  sandwich  structure  technology. 
RTM  process  was  hardly  applied  to 
honeycomb  sandwich  structure  fabrication 
because  of  resin  infusion  into  core.  To 
resolve  resin  infusion  problem,  core  should 
be  sealed  in  fabrication  process  before  resin 
injection  without  spoiling  integrity  between 
core  and  facesheet.  The  other  is  RTM  solid 
laminate  monolithic  box  with  complex  shape 
preform.  The  pan  shape  automatically  woven 
preform  can  support  the  spars  and  skins  to 


co-cure  with  RTM  method. 


Honeycomb  sandwich  Solid  laminate 

Fig.2  Example  of  RTM  structure  concepts 

Vacuum  secondary  Bonding 

This  technique  substitutes  non¬ 
autoclave  secondary  bonding  process  for 
labor  intensive  assembly  process.  Since 
severe  surface  treatment  is  not  required, 
paste  adhesive  is  applied  instead  of  current 
film  adhesive. 

Composite  automatic  riveting 
Since  fastener  joint  has  numerous 
experiences,  it  is  still  most  reliable  joining 
method.  But  the  assembly  such  as  drilling  , 
deburing  and  fastening  is  labor  intensive 
process.  To  save  labor,  special  rivet  which 
has  unique  shape  that  does  not  damage 
composite  during  squeezing  rivet  had  been 
developed  for  automatic  assembly. 


Comparison  of  Structural  Concepts 

Following  4  affordable  structural 
concepts  which  are  applied  the  technologies 
described  in  previous  chapter.  Characteristic 
and  comparison  of  conventional  honeycomb 
sandwich  structure  and  4  optional  concepts 
are  shown  in  Tab.l. 
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1.  Conventional  honeycomb  sandwich 
structure  (Base  line) 

2.  Full  depth  RTM  honeycomb  sandwich 
structure 

3.  Multi-rib  RTM  solid  laminate  structure 

4.  Secondly  bonded  sandwich  structure 

5.  Automatic  riveted  honeycomb  sandwich 
structure 

As  Tab.l  shows,  concept  1  to  4  can  achieve 
lower  cost  than  conventional  honeycomb 
sandwich  structure.  Though  Tab.l  shows  that 
the  concept  RTM  multi  rib  solid  laminate 
structure  concept  achieves  the  lowest  cost 
and  weight,  to  employ  this  concept 
postbuckling  design  and  RTM  fabrication 
ability  is  required. 


Conclusions 

4  different  affordable  structure  concepts  are 
reviewed  in  previous  chapter.  Each  concept 
has  different  low  cost  approaches  and 
structural  characteristics.  Therefore  the 
results  shown  in  Tab.l  may  be  different  when 


the  different  structure  is  studied.  Thus  full 
utilization  of  ample  of  technology  options 
and  structural  concept  options  that  fully 
utilize  those  technologies  are  required  to 
design  affordable  structure  which  is  fully 
comply  with  design  requirement  and  achieve 
minimum  cost  at  the  same  time. 
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Tab.l  Comparison  of  structural  concepts 


CONCEPTS 

CHARACTERISTIC 

TECHNOLOGY 

FACILITY 

COST 

WEIGHT 

1  .C^^^^iona^^eyc 

omb  sandwich  concept 

Hand  lev  up  ribs,  spars 
and  skins  are  assembled 
with  bolts. 

Numorous  application  experiences 

Water  infusion  probrem  in  operation. 
Poor  repareablity 

Hand  Layup  part  fab. 

Autoclave 
Conventional  tool 

1 

1 

2JRTM  full  depth  honey 

comb  sandwich  concept 
Honeycomb  core  and 
facesheet  are  integrally 
cured  by  RTM. 

less  part  count 

Water  infusion  probrem  in  operation. 
Poor  repareablity 

RTM 

Core  Seal 

RTM  equipment 

07 

1.1 

3HTM  mufti  rib  colid  ra 

ninate  concept 

Solid  laminate  spars  and 
skins  are  integrally  cured 
with  pan  shapd  rib  by  RTM. 

Less  part  count 

Good  repareablity 

Difficult  bond  Sne  hspection 

RTM 

Complex  shape  preform 
(Pan  shape) 

RTM  equipment 

07 

0.85 

4.Seendy  bonded  eone 

ept 

Integrally  cured  ribs  and 
skins  and  spar  are 
secondly  bonded 

Less  part  count 

Difficult  bond  ine  hspection 

Low  cost  secondly 
bonding  technique 

Hand  Layup  part  fab. 

Oven 

Conventional  tool 

0.75 

1 

5,Rivett^^ney^mb 

sandwich  concept 

Hand  lav  up  ribs,  spars 
and  skins  are  automatically 
assembled  with  rives. 

Numorous  application  experiences 

Water  inf  usion  probrem  in  operation. 
Poor  repareablity 

Hand  Layup  process 
Composite  riveting 

Autoclave 
Conventional  tool 
Riveter 

0.85 

1 
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Abstract 


Introduction 


Resent  years,  the  studies  and 
application  of  the  processes  to  accomplish 
affordable  composite  fabrication,  such  as 
RTM(Resin  Transfer  Molding)  and 
RFI(Resin  Film  Infusion),  has  been  conducted 
to  reduce  the  raw  material  usage  and  the 
fabrication  time. 

However,  because  those  affordable 
manufacturing  process  has  still  been  applied 
for  the  detail  parts  and/or  sub-assembly  parts, 
their  high  potential  of  the  integration  has  not 
been  derived  enough.  There  is  some 
affordability  still  remaining  in  the  assembly 
sequence. 

In  this  study,  integrating  the  parts  at 
higher  degree  by  using  “Box  Shaped”  textile 
as  the  RTM  Pre-form  and  reducing  of  the 
fabrication  time  has  been  demonstrated.  And 
also  the  unique  fabrication  process  combining 
the  RTM  and  the  secondary  bonding  can  keep 
assembly  time  as  low  as  possible  for  the 
control  surface  fabrication. 

Finally  over  30%  affordable 
fabrication  process  has  been  demonstrated,  at 
the  same  time  weight  reduction  has  been  more 
than  15%  to  the  conventional  CFRP 
honeycomb  sandwich  construction. 

Key  Words:  RTM,  Pre-form 


To  demonstrate  higher  level  structure 
integration  with  Resin  Transfer 
Molding(RTM)  using  3D  box  shaped  pre¬ 
form  and  the  practical  low  cost  use  of 
secondary  bonding  scheme  with  new  RTM’s 
unique  feature,  the  design  and  trial  fabrication 
of  sub-component  structure  are  conducted  for 
control  surface  structure  of  the  transport 
airplane.  Fig.l  shows  a  common  existing 
structure  and  a  new  structure  using  new 
fabrication  method.  Span  of  the  structure  is 
about  5m 


(a)  Conventional  elevator  structure 
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(b)  New  structure 


Fig.l  Target  structures 
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New  Fabrication  Process 

Process  Outline 

Fig.2  shows  process  outline. 

•  Jig  Set 

Setting  the  pre-form  and/or  dry  fabric  into  the 
RTM  tool. 

•  Resin  Transfer  Molding 

Resin  is  transfered  into  the  molding  jig. 

•  First  stage  cure 

Heating  at  low  temperature  (90  ‘C)  for  the 
first  stage  cure. 

•  Separation/Preparation  for  secondary 
bonding 

Cured  RTM  structure  is  taken  out  from  jig  and 
trimed.  RTM  parts,  cover  plate  which  is 
molded  in  the  different  process  and  adhesive 
film  are  set  to  the  bonding  jig  which  has 
unique  soft  mandrel  inside  then  bagged. 

•  RTM  final  cure/Secondary  bonding 
RTM  final  cure  and  secondary  bonding  are 
conducted  simultaneously  applying  vacuum 
pressure  and  heating  in  the  oven. 

•  Completion 

Structure  is  de-bagged  and  removed  from 
bonding  jig. 


Fig.2  New  RTM  fabrication  process 

Merit  of  the  New  Process 

Assembly  cost  is  reduced  by  following 
RTM  integrated  fabrication.  And  fabrication 
processing  cost  is  also  reduced  using  low 
temperature  first  stage  cure  and  3D  shaped 
pre-form.  There  are  other  potential  cost 


reduction  in  the  assembly  and  processing, 
because  secondary  bonding  and  RTM  cure  are 
conducted  simultaneously.  And  this  structure 
has  solid  laminate  (non  honeycomb)  as  the 
design  features,  it  is  possible  to  lighten  by  the 
post-buckle  design  and  the  invasion  of  the 
water  into  the  honeycomb  core  can  bee 
eliminated. 

Process  Development 

“Box  Shaped ”  textile 

To  achieve  low  cost  fabrication  to 
simplify  the  lay  up  process,  RTM  3D  Box 
shaped  textile  is  developed  and  applied  for  the 
ribs.  Fig3  is  the  picture  of  the  trial  specimen. 
Weaving  result  is  good  and  it  is  demonstrated 
that  the  3D  shaped  textile  is  applicable  to  the 
actual  airplane  part  fabrication. 


Fig.3  Trial  specimen 


Strength  Validation 

•  Tensile/Compressive  strength  of  RTM  part 
Fig.4  shows  tensile/compressive  strength  test 
results.  It  is  confirmed  that  both  of  stitched 
fabric  and  plain  weave  fabric  are  both  good 
for  the  design  ultimate  load 

•  Bond  plane  shear  strength  test 

Bond  plane  shear  strength  test  was  conducted 
considering  environmental  effect.  Fig.5 
shows  the  test  results.  It  is  confirmed  that 
bond  plane  shear  strength  is  strong  enough  for 
the  design  ultimate  load  with  critical 
environmental  condition. 

•  Delamination  strength  test 
Delamination  strength  at  the  rib  and  skin 
interface  was  verified  both  for  bonding  and 
RTM  integrated  location  with  simulated 
damage.  The  level  of  impact  damage  has  been 


182 


defined  by  the  actual  damage  detectability  test. 
Fig.6  shows  the  test  results.  It  is  confirmed 
that  delamination  strength  at  rib  and  skin 
interface  is  strong  enough  for  the  ultimate 
load  even  with  the  barely  detectable  damage. 


Stitch  fabric  plain  weave  fabric 


Fig.4  Tensile/compressive  strength  test 


Integrated  RTM  Secondary  bonding 


Fig.5  Bond  Planer  strength  test 


Integrated  RTM  Secondary  bonding 


Fig.6  Delamination  strength  test 

Concept  Demonstrator 


Process  Outline.  Fig.7  shows  RTM 
fabrication  jig  and  Fig.8  shows  lower  box. 
Fig9  shows  sketch  of  secondary  bonding 
concept  and  Fig.  10  is  the  complete  part  after 
secondary  bonding. 


Fig.8  RTM  Integrated  Lower  box 


Fig.9  Sketch  of  secondary  bonding 


Demonstrator  Fabrication 

Demonstrator  was  fabricated  by 
following  the  sequence  described  in  the 
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Fig.10  Product  after  secondary  bonding 
Evaluation 

•  External  appearance  inspection 

RTM  fabricated  part  has  barely  lack  of  resin 
and  good  fabrication  results  was  observed. 

•  Measurement  ofVf 

It  was  confirmed  that  Vf  was  varied  partially. 
This  is  mainly  due  to  the  tolerance  of  RTM 
jig- 

Weight  and  Cost  study 

Fig.  11  and  fig.  12  show  estimated 
results  of  weight  and  cost  for  the  elevator.  As 
a  results  of  this  estimation,  18%  of  weight 
reduction  and  36  %  of  cost  reduction  are 
expected  to  the  conventional  honeycomb 
structure. 

100 


80 


60 
% 

40 

20 

0 

Conventional  Monolithic 

Fig.ll  Weight  estimation 


Conclusion 

As  the  results  from  demonstrator 
fabrication,  18%  of  weight  reduction  and  36% 
of  cost  reduction  compared  to  the 
conventional  structure  will  be  expected. 

The  grate  potential  of  the  unique  secondary 
bonding  process  with  two  staged  RTM 
process  is  well  demonstrated. 

This  technology  will  be  able  to  apply  to  the 
actual  aircraft  fabrication. 
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Abstract 

Low  cost  combined  with  aircraft- 
quality  fabrication  technologies  is  the  key  for 
the  wide  range  application  of  composite 
materials  in  the  industry.  Two  years  research 
activities  sponsored  by  Japan  Aircraft 
Development  Company  (JADC)  resulted  in 
the  application  of  low  cost  composite 
materials  to  the  trailing  edge  flap  for  the 
transport  category  aircraft  and  its  advantages 
are  presented. 

Low-cost  high-quality  structural 
design  concept  is  introduced  supported  by 
manufacturing  technologies.  Many  tests  have 
been  conducted  to  confirm  the  viability  of  the 
new  design  and  manufacturing  concept. 

This  concept  was  used  in  the  flap 
design  and  a  full-scale  subcomponent  test 
article  of  the  flap  box  structure  was 
fabricated.  An  estimated  cost  reduction  of 
29%  was  obtained  compared  with  the 
conventional  hand  lay-up  method 
As  for  the  full-scale  subcomponent  test,  a 
static  strength  test  was  performed  to  confirm 
the  validity  of  the  new  structural  design 
concept  supported  by  new  manufacturing 
technologies. 

Key  Words:  Composite  structure,  Low  cost 
design,  Low  cost  fabrication. 
Trailing  edge  flap 


Introduction 

A  considerable  weight  reduction  can 
be  achieved  when  new  design  concept 
supported  by  manufacturing  technologies  is 
applied  to  the  composite  materials.  In  the 
past,  the  high  cost  associated  with  the 
conventional  hand  lay  up  fabrication  was 
inevitable.  However,  some  of  the  difficulties 
have  been  successfully  overcome  through  the 
two  years  research  program  undertaken  by 
KHI  under  the  sponsorship  of  JADC.  It  is 
shown  below  a  new  design  concept  and 
manufacturing  technologies  through  the 
application  on  the  trailing  edge  flap  of  the 
transport  category  aircraft.  This  approach  has 
been  supported  by  the  full-scale 
sub-component  test.  The  results  obtained  are 
encouraging  for  this  endeavor  undertaken  by 
KHI  staff 

Composite  Flap  Structural  design 

The  flap  configuration  and  the  design 
loads  used  were  based  on  the  aerodynamic 
research  on  the  YSX  flap  conducted  under 
different  project.  These  data  have  been 
used  for  the  present  structural  design 
concept 

Flap  configuration  and  aerodynamic 
load 

The  single  slotted  outboard  flap  was 
selected  as  a  model.  To  supplement  the 
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existing  data,  an  additional  CFD  analysis 
was  conducted  to  establish  aerodynamic 
and  actuator  loads.  The  flap  plan  form  is 
shown  in  Fig.l. 


Fig.l  Flap  Configuration 


Structural  concept  of  flap  box  component 
For  the  composite  box  structure,  it  is 
commonly  used  two  types  of  concept:  the 
honeycomb  sandwich  panel  and  the  solid 
laminate.  Due  to  an  insignificant  weight 
trade  between  these  two  types,  the  solid 
laminate  type  concept  was  selected  due  to 
the  applicability  of  the  low  cost 
manufacturing  process. 

The  flap  design  concept  is  shown  in  Fig.2 


Leading  edge  structure 


Trailing  edge  structure 


Front  spar 


Rear  spar 


Fig.2  Flap  Design  Concept 


The  new  lay-up  concept  for  the  stiffeners, 
spars  and  ribs  were  introduced  for  the 
structural  concept. 

One  is  the  folding  mold  method  for  stiffeners 
and  the  other  is  the  hot  drape  mold  method 
for  spars  and  ribs.  In  the  folding  mold 
method ,  flat  lay-up  prepregs  were  folded  by 
the  mechanical  device  to  mold  the  stiffener 
with  various  cross  sections  such  as  J-shape 
and  T-shape.  The  concept  of  the  folding 


method  is  shown  in  Fig.3,  and  has  the 
following  sequence  of  a  process  flow: 

1)  The  flat  lay-up  prepregs  are  set  between 
the  upper  and  lower  jigs.  2)  The  prepregs  are 
pushed  by  the  rod  and  folded.  3)  The  rod  is 
pulled  out  and  the  prepregs  are  pressed  by  the 

jigs- 


This  method  is  suitable  for  the  low  cost 
fabrication  for  the  long  slender  parts  such  as 
stringers. 

In  the  hot  drape  method,  the  flat  lay-up 
prepregs  were  heated  and  pressed.  The 
softened  prepregs  were  pressed  to  the  jig  in 
order  to  mold  a  complex  shape.  This  method 
is  suitable  for  the  composite  parts  with 
relatively  large  area.  The  concept  of  the  hot 
drape  method  is  shown  in  the  Fig.4,  and  the 
steps  are  shown  as  follows. 

1)  The  flat  lay-up  prepregs  are  set  on  the 
molding  jig.  2)  The  prepregs  are  heated  by 
the  heater  such  as  an  infrared  lamp  and 
softened.  3)  The  softened  prepregs  are  stuck 
to  the  molding  jig  by  the  vacuum  pressure. 


'Healer 


2  *  »  « 

(  |  \  /  [  \  / 1  \  /l  \/—  rubber  sheet 


JUL 


Jig  Prcpreg 


Fig.4  The  concept  of  the  hot  drape  method 
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Through  these  new  concepts,  the  cost 
reduction  in  the  lay-up  processes  for  the 
complex  parts  was  achieved  compared  with 
the  hand  lay-up  method. 

Another  cost  reduction  concept  in  the  lay-up 
process  is  the  introduction  of  the  pultrusion 
comer  fillers  instead  of  the  hand  made  ones, 
which  fill  the  gap  between  the  skin  and 
stringers. 

Flap  design 

Using  the  aerodynamic  loads,  bending,  shear 
and  torsional  moment  diagram  were 
established  and  internal  loads  were  obtained 
with  the  FEM  analysis.  Using  these  internal 
loads,  the  stress  analysis  was  conducted  for 
the  sizing  of  the  flap  structure  and  the  design 
was  established.  The  typical  drawing  is 


Structural  element  test  for  stiffeners 
In  order  to  confirm  the  strength  of  the 
stiffener  made  by  the  folding  mold  method, 
the  structural  element  tests  were  conducted. 
Test  specimens  are  shown  in  Fig.6  Tests 
results  are  shown  in  Table.  1. 


Fig.6  Test  specimens 


Table.l  Structural  Element  Test  Results 
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The  tests  confirmed  that  the  new  stiffeners 
have  compressive  strength  comparable  to  the 
conventional  ones. 

Design  and  fabrication  of  the  test  article 

The  test  article  was  designed  with  the 
constant  cross  section,  2  hinge  points  and  a 
length  of  2m  in  order  to  evaluate  the  design 
of  the  critical  cross  section.  The  critical  cross 
section  in  the  structural  analysis  is  the  hinge 
position.  The  critical  loading  condition 
occurs  from  one  actuator  malfunction.  In  this 
case,  the  aerodynamic  load  should  also  be 
taken  into  consideration. 

Prior  to  the  full-scale  subcomponent 
test,  the  FEM  analysis  of  the  test  article  was 
conducted  to  assess  any  unexpected 
deformation.  The  FEM  analysis  result  is 
shown  in  Fig.7. 


-  Deformation  diagram- 


Fig.7  FEM  analysis  result  ’"I 

In  the  fabrication  of  the  test  article, 
low  cost  manufacturing  technologies  such  as 
the  folding  mold  method  and  the  hot  drape 
method  were  applied.  The  test  article  is 
shown  in  Fig.  8. 
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Fig.8  Test  article 


Full-scale  component  test 

The  full-scale  component  test  was 
conducted  in  order  to  show  the  compliance 
with  the  FAR  requirements.  The  comparison 
of  strain  distribution  with  analyses  is  shown 
in  Fig.9,  which  shows  a  good  agreement 
between  the  test  results  and  analysis. 

Through  the  destructive  test,  the  compliance 
with  FAR  requirement  of  no  destruction  for 
three  seconds  at  150%  limit  load  was 
confirmed  and  skin  local  buckling  was 
occurred  at  185%  limit  load. 


Fig.9  Comparison  between  analytical  and 
test  results 


Cost  estimation 

Based  on  the  design  and  fabrication 
data,  it  has  been  estimated  a  cost  saving  of 
29%  compared  to  the  conventional  process. 
In  this  estimation,  material  and  assembly  cost 
are  included. 

Conclusions 

Through  these  activities,  the  low  cost 
design  concept  and  the  manufacturing 
process  were  established.  The  results  of  the 
present  research  have  been  applied  to 
ERJ 170/190  projects 
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Abstract 

Composite  material  is  one  of  the  most 
effective  solutions  for  weight  reduction  of 
the  aircraft.  The  latest  aircraft  consist  of 
many  composites  not  only  for  the  secondary 
structures  but  also  for  the  primary  ones.  But 
we  have  serious  problems,  low  post-impact 
strength,  low  interlaminar  strength,  and  high 
manufacturing  cost  etc.,  for  the  conventional 
prepreg  type  structures.  Our  researches  were 
funded  the  Society  of  Japanese  Aerospace 
Companies  (SJAC)  during  JFY1996-1999 
and  developed  dry  preform/Resin  Transfer 
Molding  (RFI)  technologies.  During  first  two 
years,  we  had  investigated  the  stitched  dry 
fabric/RFI,  which  was  expected  26%  cost 
reduction  for  manufacturing  and  the  high 
mechanical  performance,  compression  after 
impact  (CAI)  and  interlaminar  strength, 
compared  with  the  conventional’s  [1,2].  And 
following  two  years,  we  have  investigated 
higher  performance  to  apply  our  original  5 
axes  3  dimensional  weaving  preform  (5A3D 
WP)/RFI  technologies  [3,4]. 

Key  Words:  RFI,  Stitching,  5A3D,  BMI. 

Introduction 


Many  R&D’s  have  been  performed  for  new 
generation  commercial  aircraft.  We  started 
our  researches  for  the  HSCT  and  had 
developed  more  affordable,  lighter,  and  and 
easier  to  fabricate  for  the  new  commercial 
aircraft.  Through  the  R&D  of  the  stitched  dry 
fabric/RFI,  we  had  developed  basic  RFI 
processes  for  Bismaleimide  (BMI  :  Cytec 
5250-4-RTM)  resin  and  evaluated  the  basic 
mechanical  properties,  shown  good  CAI  and 
interlaminar  strength.  As  following  5A3D 
WP/RFI  researches,  we  had  developed 
higher  performance  for  manufacturing  of  the 
commercial  aircraft  through  application  of 
our  original  textile  technology.  In  these 
researches,  we  had  selected  the  same  resin, 
5250-4-RTM,  for  comparison  with  previous 
researches. 

Stitched  Dry  Fabric/RFI 

Manufacturing  process  is  shown  in  Fig.l.  In 
this  process  we  had  applied  the  carbon 
fiber(CF)  dry  fabric  (MRC:MR50K  8HS)  for 
in-plane  lamination.  And  the  laminated  dry 
fabric  was  stitched  with  the  aramide  fiber 
(Dupont:Kevlar  49).  Major  assemblies, 
between  skin  and  stiffeners,  were  also 
stitched  same  material  as  shown  in  Fig.2. 
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Fig.2  Stitching  Process  for  Assembly 

Mechanical  Properties 

Conventional  prepreg  stitching  had  big 
problem,  in-plane  strength  reduction  through 
the  fiber  broken  by  stitching.  In  our  process, 
in-plane  strength  reduction  by  stitching  was 
almost  negligible  as  shown  in  Table  1.  And 
we  had  obtained  good  CAI  and  interlaminar 
strength  as  shown  in  Table  2. 


Table  2  Interlaminar  Properties 


HTD  :  Hot  Dry  (150°C  Dry) 

Trial  Production  of  Structural  Element 

Fig. 3  shows  the  representative  stiffened 
panel  structural  element  for  aircraft  fuselage. 
Through  the  trial  production  of  this  structural 
element,  we  had  determined  the  good  RFI 
process.  As  the  results  of  visual  inspection, 
non-destructive  inspection  (NDI)  and  DI,  the 
structural  element  had  shown  good  quality. 


Fig.3  Stiffened  Panel  Structural  Element 

Based  on  this  trial,  these  RFI  process  was 
affordable  rather  than  the  conventional  ones 
as  shown  in  Fig.4. 
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Structural  Element  Test 


5A3D  WP/RFI 


After  trial  production.  Structural  element 
tests,  such  as  cut-out  coupons  and 
post-buckling  shown  in  Fig.5,  were 
performed.  Summary  of  post-buckling  test 
result  is  shown  in  Table  3.  That  shows  good 
relations  with  finite  element  method  (FEM) 
analysis  as  shown  in  Fig.6. 


Fig.5  Post  Buckling  Test  of  Stiffened 
Panel  Structural  Element 


Table  3  Summary  of  Test  Result 


Load  [kN] 

Events  of  the  test  article 

39 

Initial  buckling 

157 

Delamination  at  the  edge  of  C  stiffener 
(shown  as  No.1) 

167 

Delamination  at  the  edge  of  A  stiffener 
(shown  as  No.2) 

206 

Delamination  at  the  center  of  B  stiffener 
(shown  as  No.3) 

235 

Growth  of  delamination 

265 

Shear  Failure  at  the  edge  of  test  article. 
Separation  B  and  C  stiffener  from  skin. 

Tact  load  /  Initial  buklin*  load 

Fig.6  Post  Buckling  Analysis  of  Stiffened 
Panel  Structural  Element 


Manufacturing  process  is  shown  in  Fig.7.  In 
this  process  we  had  applied  our  original 
5 A3DWP(MRC  :MR50K  for  in-plane  fiber, 
TR40  for  Z  direction  fiber).  And  the 
structural  parts  were  consisted  of  these  5A3D 
standard  thickness  panel  preforms  made  by 
our  original  weaving  machine  as  shown 
Fig.8. 

skin  stiffener  resin 


Fig.7  Major  Manufacturing  Process 


Fig.8  5A3D  WP  Weaving  Machine 

Mechanical  Properties 

Previous  stitching  researches  had  shown 
good  performance,  but  we  found  problems  in 
performing.  That  is  difficulties  for  cutting 
and  lay-up  of  dry  fabric.  Our  5A3D  WP 
could  be  resolved  that  problem  and  shown 
better  performance  for  interlaminar  strength 
than  stitching.  Test  results  are  shown  in 
Table  4. 


Table  4  Summary  of  Test  Result 
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Trial  Production  of  Structural  Element 

Fig.9  shows  the  representative  side  panel 
structural  element  for  aircraft  fuselage.  As 
the  results  of  visual  inspection,  NDI  and  DI, 
the  structural  element  had  shown  good 
quality. 


Fig.9  Side  Panel  Structural  Element 


Fig.ll  Post  Buckling  Analysis  of  Side 
Panel  Structural  Element 


Structural  Element  Test 


Conclusions 


After  trial  production,  structural  element 
tests,  such  as  cut-out  coupons  and 
post-buckling  shown  in  Fig.  10,  were 
performed.  Summary  of  post-buckling  test 
result  is  shown  in  Table  5.  That  shows  good 
relations  with  FEM  analysis  as  shown  in 
Fig.ll. 


Fig.  10  Post  Buckling  Test  of  Side 
Panel  Structural  Element 

Table  5  Summary  of  Test  Result 


Load  IkNJ 

Events  of  the  Test  Article 

40 

Initial  Buckling 

50 

Change  of  Buckling  Mode 

120 

Delamination  at  the  corner  of 
skin  Pad-up  Area 

158 

Shear  Failure  around  the  minimum 
thickness  area  of  the  skin 

Through  these  works,  our  dry  perform/RFI 
process  is  expected  to  apply  the  future 
aircraft  as  the  affordable  manufacturing 
technology  and  higher  structural 
performance. 
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The  investment  casting  has  developed  significantly  to  have  high  mechanical 
properties  and  to  decrease  defects  in  casting  using  high  integrity  D357  A1  alloy.  On  the 
other  hand,  the  rapid  prototyping  techniques  can  be  used  in  past  decade  to  develop  to 
shorten  the  certification  period  component  test  for  the  critical  structures.  A  Casting 
with  rapid  prototyping  is  the  equal  of  machining  in  developing  period. 

In  this  study,  the  investment  casting  for  the  flight  control  system  using  the  rapid 
prototyping  has  been  developed  and  evaluated  sample  casting  parts  in  accordance  with 
the  requirements  of  public  specifications.  As  a  result,  significant  cost  reduction  can  be 
achieved  without  the  weight  increasing  or  without  impact  on  the  casting  factor,  when 
replacing  machined  components  or  fabricated  sheet  metal  components  to  apply  the 
investment  casting. 


1.  Introduction 

The  investment  casting  technology  has 
developed  greatly  with  these  10  years.  With 
no  or  even  for  A1  alloy  of  expensive  strength, 
high  toughness  aluminum  casting  (D357),  a 
possibility  of  substitute  structure  of  a 
machining  part  and  a  sheet  metal  build-up 
part  of  a  complicated  shape  rises  and  is 
expected  as  a  valid  measure  of  low  getting  a 
cost  of  civil  airplane.  On  the  other  hand, 
Rapid  Prototyping  develops  in  these  years  in 
order  to  get  a  large  merit  to  get  shortening 
development  period. 

Figure  1  shows  the  relationship  between 
material  strength  and  a  part  shape  applied  to 
an  airplane.  Generally  sheet  metal  build-up 
structure  is  popular  structure  in  an  airplane. 
Machining  from  block  materials  is  applied  to 
a  high  strength  part.  Machining  part  has  a 
great  merit  to  shave  out  as  a  one  part.  It  is 
valid  as  considering  forging  also  as  an 


expensive  strength  part,  if  a  shape  isn't 
complicated.  A  casting  is  good  for  a  complex 
shape  and  moderate  and  less  strength  part.  In 
these  years,  A1  alloy  casting  application 
range  in  figure  1  is  getting  increasing  as  a 
substitution  of  a  sheet  metal  build-up 
structure  and  /  or  machining  structure. 
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The  investment  casting  application  to  a 
small-sized  civil  airplane  to  consider  the  low 
cost  that  it  enforces  as  Japan  Aircraft 
Development  Cooperation  (JADC) 
consignment  research  as  an  aim  a  report 
introduces  a  summary  of  research.  A  trial 
part  took  a  part  to  have  a  strength  demanded 
and  produced  a  berry  machine  simulation 
attendant  trial  body  of  an  operation  by  way 
of  trial  from  conventional  casting  object 
with  a  complicated  shape  especially.  With 
various  automatically  characteristic 
acquisition  of  a  new  expensive  strength  AI 
alloy  investment  casting  object  and  also 
small-sized  private  airplane  application  of  a 
investment  casting  part  examined  it  while 
comparing  it  with  a  machining  part  about 
weight  and  cost.  There  is  a  line  for  an 
examination  of  a  making  practicable 
feasibility  of  Rapid  Prototyping. 

2.  Requirements  for  the  casting  part 

We  choose  the  fitting  of  the  flight  control 
system  as  a  trial  model  for  investment 
casting.  This  part  is  not  the  load  member 
part  and  is  very  complex  shape. 

If  this  part  judged  that  a  case  of  machine 
processing  is  suitable  for  casting  getting  an 
object  from  that  multi-axial  machining 
processing  is  a  necessary  complicated  shape 
part.  We  set  up  the  design  requirements  as 
show  as  table  1  and  designed  an  attendant 
trial  body  shape  of  a  thickness  while 
analyzing  as  a  design  requirements  against  a 
casting  object  part  at  first. 


Table  1  Design  Requirements 


Item 

Requirements 

Remarks 

Stress 

Material 

Ftu:345Mpa 
Fty:275Mpa 
el:  5% 

Big  elongation 

Casting  Factor 

1.25 

FAR25.621 

Shap 

Model 

Complex 

5-axis  Machining 

Thickness 

1.00mm 

Arm  portion 

Dimension 

+/-  0.3mm 

Weight 

<  Machining 

3.  Manufacturing  Process 
The  process  of  investment  casting  with 
using  the  rapid  prototyping  is  to  use 
stereo-lithography  resign  pattern  instead  of 
the  wax  pattern.  A  rapid  prototyping  is  a 
method  not  to  need  the  permanent  mold 


design  manufacturing  to  occupy  the  majority 
of  the  development  period  and  the 
development  cost  at  lost  wax  investment 
casting.  However  for  stereo-lithography 
resin  played  with  overwhelmingly  early, 
moreover  the  development  risk  also  is  small, 
though  we  don't  turn  toward  mass 
production  from  that  a  unit  price  is 
expensive  compared  with  a  wax  pattern. 
Consequently,  Rapid  Prototyping  is  a  very 
charm-like  process  at  brief  development. 
Figure  2  shows  the  investment  casting 
process  that  we  applied.  The  manufacturing 
process  of  rapid  prototyping  (see  figure  3) 
can  be  made  by  the  digital  data  of  3 
dimension  CAD  drawing  and  no  special  jig. 
The  other  processes  are  fundamentally  in  the 
same  way  as  lost  wax  investment  casting  as 
shown  as  figure  4. 


(Ceramic  Mold)  ^Melting  ingot) 


( Pouring 

^  V  ^ 

^  Heat  treat  ) 


Nw^Straightenin^ 


± 


f  ^  Quality  )  ( Mechanical 


-  Visual  Inspection 

-  Weight  check 

-  Dimension 
Inspection 

t  -  Pcnrirant  Inspcclir 
-  X-ray  Inspection 


*  Tensile  Test 
-  Toughness 


Figure  2  Process  Chart 

4.  Evaluation  of  sample  casting 

As  non-destruction  inspection  for  quality, 
X-ray  inspection,  dimension  inspection,  and 
fluorescent  penetrate  inspection  were 
performed.  As  a  mechanical  property 
evaluation,  tensile  test,  fracture  toughness 
was  performed.  And  we  evaluated  the 
relationship  with  a  strength  characteristic 
and  a  microstructure,  especially  a  width  of 
the  2nd  arm  to  form  branch  formed  of  a 
casting  microstructure  (Dendrite  Arm 
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Spacing,  DAS).  Here,  and  give  an  overview 
of  a  result  of  a  tensile  test  X  line  inspection, 
dimension  inspection. 


Figure  3  Stereo-lithography  resigns  Pattern 


Figure  4  Sample  Casting 

4.1  Quality  Evaluation 

We  cast  the  sample  casting  material 
standardized  AMS  4241  and  based  on  a 
claim  of  an  object  quality  claim  standardized 
MIL  -  STD  -  2175  GRADE  B,  and  X-ray 
inspection.  The  sample  casting  is  good 
quality  without  gas  defect,  shrinkage, 
inclusion  and  any  other  harmful  level  defect 
more  than  0.040-in.  (1.0-mm)  size.  Again, 
at  a  dimension  inspection  even  though  as 
being  contained  within  a  dimension 
difference  +/-  0.5  mm,  a  casting  superficial 
smoothing  also  was  excellent. 

4.2  strength  evaluation 

Tensile  test  was  based  on  tensile  test 
standardized  ASTM  B  557  of  A1  alloy 
casting,  and  enforced  a  tensile  test  with 
normal  temperature.  We  grasped  it  of  a 
tensile  test  piece  and  observed  a 
microstructure.  Figure  5  shows  ultimate 
tensile  strength,  0.2  %  yield  strength  at  an 
every  casting  condition  for  around  to  arrange 


it  with  DAS.  A  broken  line  during  a  figure 
shows  a  design  requirements,  and  a  solid 
line  shows  relationship  of  D  357  tensile  test 
characteristic  and  DAS  that  it  requests 
distinctly.  As  a  tensile  test  result  of  this 
attendant  trial  body  shows  it  for  a  diagonal 
line  division,  DAS  is  a  few  for  deviation 
with  a  minute  grain  less  than  40  tt  m. 
Even  though  a  harmful  needle  formed 
precipitation  isn't  admitted. 


DAS  (fim) 

Figure  5  Tensile  Properties  and  DAS 
5.  Feasibility  Study 

All  results  of  the  quality  and  the  mechanical 
properties  meet  the  requirements.  From  a 
point  of  view  of  a  cost  and  weight,  we 
discussed  comparison  with  casting  part  and 
machining  part  as  shown  as  figure  6. 


Non-Rec. 


Rec. 


weight 


Figure  6  Estimation  of  Cost  and  Weight 

Development  cost  of  casting  part  is  more 
expensive  than  machine  processing.  But  unit 
cost  of  casting  is  lower  than  machining  part. 
If  a  production  number  increases  to  show  it 
for  figure  7,  a  unit  price  is  estimated  that 
total  cost  of  a  cheap  investment  casting  part 


Machining  process ing=100% 
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gets  cheaper  than  total  cost  of  machine 
processing.  Moreover  by  an  application  of 
Rapid  Prototyping  regarding  Development 
even  though  there  is  the  following  merit. 

In  order  not  to  need  permanent  mold,  it  is 
small  and  is  possible  for  an  investment  in  the 
early  time  at  Development  period. 

On  the  other  hand,  about  that  we  achieve 
lightweight  getting,  the  following  factor  is 
raised. 

Using  D357  casting  alloy,  minimum  wall 
thickness  achieved  to  1  mm  (0.040  in.)  with 
respect  to  a  strength  analysis  at  this  attendant 
trial  body  shape. 

It  is  possible  to  manufacture  more  complex 
one-piece  structure  than  machine  processing. 
In  this  model  part,  a  shape  of  design  was 
very  difficult  for  machining  processing, 
because  it  need  special  machining  tool  to 
shave  narrowly  and  deeply.  As  I  do  the 
smallest  thickness  for  1.8  mm  (0.070  in.)  ~ 
2.0  mm  (0.080  in.)  grade  for  machining 
processing.  The  part  weight  is  heavy  only 
for  thickness  increase. 


(3)  Total  cost  restricted  with  small  number 
production,  even  though  development 
cost,  as  achieving  low  getting  a  cost 
more  than  50%  from  machining 
processing. 


Figure  7  Comparison  with  Machining 


5.  Conclusion 

We  produced  a  summary  operation  by  way 
of  sample  with  the  investment  casting  to  use 
rapid  prototyping  and  obtained  the  following 
result,  result  that  we  examine  it 
comparatively  with  machine  processing. 

(1)  To  manufacture  the  model  part  by  the 
investment  casting  with  minimum  wall 
thickness  (1.0  mm). 

(2)  To  achieve  lightweight  getting  more  than 
20  %  from  machine  processing. 
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Abstract 

Superplastic  forming  process  enables 
us  to  produce  a  monolithic  structure  with 
complex  shape.  This  process  is  usually 
applied  to  blow  forming,  and  sometimes 
problems  happen  on  thickness  distribution  of 
formed  parts.  So,  a  new  method  of 
superplastic  forming  process  has  been 
studied  in  order  to  control  the  thickness 
distribution  by  using  a  tailored  blank  sheet. 
Some  of  fundamental  properties  of 
superplastic  deformation  were  observed  on  a 
forming  experiment  using  A15083  sheets 
with  weld  lines.  The  area  of  weld  line  in  the 
blank  sheet  lost  property  of  superplasticity 
due  to  remelting  and  recrystallization  to 
anisotropic  grain  in  microstructure. 
Therefore,  weld  area  on  the  blank  sheet  did 
not  elongate  superplastically  to  the  direction 
parallel  with  the  weld  line  direction  during 
superplastic  forming.  On  the  other  hand,  an 
area  free  from  recrystallization  was 
elongated  enough  on  perpendicular  direction 
to  the  weld  line.  This  method  is  also 
expected  to  be  applicable  to  superplastic 
forming  of  a  new  monolithic  structure  made 
from  combined  materials  with  different 
properties. 

Key  Words:  Superplastic  forming.  Welding, 
Tailored  blank. 


Introduction 

Superplastic  forming  (SPF)  process  is 
suitable  for  a  fabrication  of  monolithic 
structure  with  complex  shape.  For  this 
reason,  SPF  process  has  been  used  in  some 
fields,  such  as  aircraft  or  automobile 
manufacturing.  This  process  usually  uses 
gas  blow  forming  for  sheet  metal,  and 
sometimes  problems  happen  on  thickness 
distribution  of  formed  part.  As  a  way  to 
control  thickness  distribution  on  formed  part, 
some  processes  using  a  blank  sheet  adjusted 
with  thickness  distribution  before  forming 
have  been  researched.  There  are  some  papers 
regarding  these  processes.  One  of  these 
processes  is  an  application  of  blank  sheet 
which  made  thickness  distribution  by 
machining  [1].  The  other  is  an  application  of 
blank  sheet  with  thickness  distribution 
prepared  by  SPF  as  a  preforming  [2].  These 
are  effective  methods  to  control  thickness 
distribution  for  some  parts.  However,  these 
methods  cannot  control  material  properties 
locally  on  formed  part.  For  example,  in 
automobile  industry,  tailored  blank  sheet  that 
is  welded  different  thickness  or  property  steel 
sheets  has  been  pressed  into  required  shape. 
The  formability  of  the  tailored  blank  sheet 
has  been  reported  in  some  papers  [3].  It  is 
expected  that  the  tailored  blank  sheet  can  be 
used  on  SPF  to  control  thickness  distribution. 
This  technique  is  expected  to  extend 
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application  of  SPF  to  many  portions  of 
structure.  However,  there  are  few  reports 
regarding  superplastic  formability  of  blank 
sheet  with  weld  line.  So,  in  this  paper, 
fundamental  properties  of  superplastic 
deformation  are  observed  and  verified  on  a 
forming  experiment  using  5083  SPF 
aluminum  alloy  sheets  with  weld  lines. 

Experimental  Procedures 

Material  and  Forming  Die 
5083  SPF  aluminum  alloy  was  used  for  a 
blank  sheet.  The  m  value  of  this  alloy  is  0.5 
(nominal).  1.0mm  thickness  5083  aluminum 
alloy  sheets  were  used  and  butt  welded.  Test 
article  has  been  formed  into  long  and  narrow 
container  shape  that  has  a  rectangle  cross 
section.  Fig.l  shows  the  shape  of  transverse 
section.  Longitudinal  section  has  trapezoid 
shape  with  45  degrees  oblique  sides.  This 
article  is  400mm  long  and  50mm  width. 
Since  the  length  is  much  longer  than  width,  it 
can  be  considered  as  a  plane  strain  forming  at 
the  center  of  this  article.  So  evaluation  is 
made  on  deformation  at  the  center.  The 
forming  die  is  made  of  SUS304  stainless 
steel.  The  die  surface  was  finished  to 
roughness  Ra=1.5pm.  The  die  surface  was 
coated  using  BN  powder  lubricant  with 
uniform  thickness. 

Welding  Conditions 

Electron  beam  welding  (EBW)  was  used  for 
fabrication  of  blank  sheet  on  this  study 
because  of  narrow  bead  and  heat  affected 
zone.  The  blank  sheet  size  and  locations  of 
weld  line  were  set  up  as  shown  in  Fig.2  (a) 
and  (b)  to  verify  formability  of  perpendicular 
and  parallel  direction  respectively  to  weld 
line. 

Forming  Condition 

A  press  machine  with  hot  platens  was  used 
for  the  experiment.  The  die  is  set  in  the  press 
machine,  and  heated  up  and  kept  at  789K±5K. 


Fig.l  Cross  Section  of  Forming  Die 

Weld  Line 


7 

m 
r-,  f 

500 

(a)  Longitudinal  Weld  Line  for  Verifying 
Formability  of  Perpendicular  Direction 
to  Weld  Line 


(b)  Transversal  Weld  Line  for  Verifying 
Formability  of  Parallel  Direction  to 
Weld  Line 

Fig.2  Shape  and  Welding  Location  of 
Blank  Sheet  (mm) 


Fig.3  Pressurization  Schedule 
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Argon  gas  pressurization  schedule  for  the 
forming  was  set  up,  with  maximum  strain 
rate  of  5  X  lO'V1,  calculated  using  original 
simulation  code  [4].  The  applied 
pressurization  schedule  is  shown  in  Fig.3. 

Results  and  Discussion 

Fig.4  shows  a  cross  section  of  the  butt 
welded  blank  sheet  by  EBW  before  forming. 
A  width  of  fused  metal  and  heat  affected 
zone  was  approximately  1.5mm.  No 
reinforcement  of  weld  in  thickness  was  formed, 
and  thickness  reduction  was  very  small. 


Fig.4  Cross  Section  of  Blank  Sheet  before 


Forming 

Formability  of  Perpendicular  Direction  to 
Weld  Line 

Fig.5  shows  an  article  formed  using  the  blank 
sheet  with  the  longitudinal  weld  line  (Fig.2 
(a)).  The  article  is  formed  almost  along  the 
die  surface  in  good  condition.  This  result  is 
similar  to  an  article  of  a  blank  sheet  without 
weld  line. 


Fig.5  Over  View  of  Formed  Article 
(Longitudinal  Weld  Line) 


around  the  bead  was  deformed.  The  base 
metal  was  reduced  its  thickness  to  1/2,  and 
formed  fillet  radius  at  the  weld  bead.  Some 
blowholes  in  the  weld  bead  are  observed,  and 
they  kept  their  round  shape  after  forming. 
There  was  no  deformation  at  the  weld  bead. 
On  the  other  hand,  because  of  large 
deformation  reducing  its  thickness  to  1/2,  some 
minute  cavities  were  formed  in  the  base  metal. 


I  IPaBHtWgM  J 

Fig.6  Over  View  of  Cross  Section  at  the 


Center  of  Formed  Article 


Fig.7  Cross  Section  of  Formed  Article 


(Longitudinal  Weld  Line) 

Formability  of  Parallel  Direction  to  Weld 
Line 

Fig.  8  shows  an  article  formed  using  the  blank 
sheet  with  the  transversal  weld  line  (Fig.2 
(b)).  In  the  latter  stage  of  forming,  some 
small  holes  were  opened  through  the  weld 
bead,  and  the  forming  gas  leaked  from  these 
holes.  So,  the  forming  has  not  been 
completed  along  die  surface. 


Fig.6  shows  a  cross  section  at  the  center  of 
the  formed  article.  The  thickness  after 
forming  was  reduced  approximately  to  1/2 
from  the  blank  sheet  before  forming.  At  the 
center  of  the  bottom,  the  shape  of  the  weld 
bead  can  be  seen  clearly.  A  magnified  view 
of  this  portion  is  shown  in  Fig.7.  The  weld 
bead  was  not  deformed  and  the  blank  sheet 


Fig.8  Over  View  of  Formed  Article 
(Transversal  Weld  Line) 


Fig.9  shows  the  longitudinal  cross  section  at 
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the  bottom  of  formed  article  including  the 
weld  bead.  This  photo  shows  that  the 
thickness  on  both  sides  of  the  weld  bead  is 
reduced  in  the  same  way  as  in  the  article  with 
the  longitudinal  weld  line. 


Fig.9  Zoom  Up  View  of  Cross  Section  at 
the  Center  of  Formed  Article 

The  magnified  view  of  a  cross  section  of  the 
formed  article  at  the  weld  bead  area  is  shown 
in  Fig.  10.  Fig.  11  shows  a  plane  view  at  the 
boundary  of  the  weld  bead.  Thickness  of  the 
base  metal  was  reduced,  and  forming  of  fillet 
radius  was  the  same  as  in  the  longitudinal 
weld  line  forming.  However,  some  large 
voids  in  the  weld  bead  are  observed,  as  shown 


Fig.  10  Cross  Section  of  Formed  Article 
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Fig.ll  Plane  View  of  Weld  Bead 


in  Fig.10  and  Fig.ll.  The  blowhole  that 
appears  in  Fig.10  at  near  center  of  the  weld 
bead  was  deformed.  It  shows  that  the  weld 
bead  was  deformed  plastically.  These  voids 
arose  in  the  weld  bead  grew  and  joined  each 
other  with  the  progress  of  forming.  In  the 
latter  stage,  the  forming  gas  leaked  and  the 
forming  could  not  be  completed.  It  is 
considered  that  the  weld  bead  does  not  have 
property  of  superplasticity. 

Summary 

Fundamental  properties  of  superplastic 
deformation  have  been  observed  and  verified 
on  a  forming  experiment  using  5083 
superplastic  forming  aluminum  alloy  sheets 
with  weld  lines.  As  a  result,  it  has  been 
verified  as  follows, 

(1)  Superplasic  forming  on  perpendicular 
direction  to  the  weld  line  is  completed 
in  good  condition,  and  the  influence  of 
the  weld  line  is  light. 

(2)  In  the  case  of  superplasic  forming  to  the 
direction  parallel  with  the  weld  line,  the 
forming  is  not  completed  since  voids 
increase  and  make  holes  in  the  weld 
bead  with  the  progress  of  forming. 
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Abstract 

The  Helicopter  composite  structures  are  de¬ 
signed  to  meet  the  latest  certification  re¬ 
quirements.  These  also  ask  for  some  new 
specific  characteristics  concerning  structure 
related  safety  aspects  such  as  damage  toler¬ 
ance.  The  development  and  substantiation  of 
some  dynamically  loaded  composite  struc¬ 
tures  such  as  the  horizontal  stabilizer  and  the 
rotor  blade  of  the  BK1 17  C-2  and  the  carbon 
fenestron  drive  shaft  of  the  EC  135  are  pre¬ 
sented,  taking  into  account  the  presence  of 
certain  structural  defects  like  impacts  or 
manufacturing  flaws.  The  damage  tolerance 
evaluation  has  been  performed  analytically 
based  on  test  results.  The  results  are  an  im¬ 
portant  basis  for  the  definition  of  inspection 
and  maintenance  procedures  for  the  heli¬ 
copter.  Substantiation  methods  such  as  flaw 
tolerance  safe  life  and  damage  tolerance  as 
described  in  the  FAR  29.571  are  used  to 
certify  composite  structures.  In  addition  the 
Special  Conditions  'Primary  Structures  De¬ 
signed  with  Composite  Material'  of  the  LBA 
(Luftfahrtbundesamt:  German  Airworthiness 
Authority)  had  to  be  fulfilled.  NDT  methods 
are  used  to  detect  failure  modes  such  as  de¬ 
laminations  and  fiber  cracks.  The  results  of 
the  substantiation  are  composite  structures 
with  high  replacement  times  or  inspection 
intervals. 

Key  Words:  Fatigue  Evaluation, 

Composite,  Eurocopter 


Introduction 

Beginning  with  the  BO  105  helicop¬ 
ter  in  1 970,  and  followed  a  decade  later  with 
the  BK1 17,  MBB  Helicopter  Division  -  now 
EUROCOPTER  Deutsch-  land  -  brought  up 
two  innovative  products,  which  both  revolu¬ 
tionized  the  market  by  advanced  design 
features.  Their  characteristics  included  twin 
engine  application,  four-bladed  hingeless 
rotor  “System  Bolkow”,  redundant  system 
layout,  and  rear  loading  capability  together 
with  a  one-level  cabin  and  compartment 
floor  for  unobstructed  cabin  use.  The  BK1 17 
was  co-developed  with  Kawasaki  Heavy 
Industries  of  Japan,  who  was  responsible 
mainly  for  design  and  manufacturing  of  the 
center  fuselage,  main  gear  box  and  electrical 
system  as  well  as  fuel  tank  design. 

In  the  90 ’s,  further  improvements 
such  as  glass  cockpit  technology  and  aero¬ 
dynamic  optimized  fuselage  shaping,  along 
with  the  use  of  composite  material  and  new 
fabrication  methods  -  not  mentioning  other 
design  features  -  led  to  development  of  the 
light  twin  EC135  [1]  as  successor  to  the 
BO  105.  As  a  logical  step,  the  BK117  C-2 
(EC  145)  now  follows  to  satisfy  market  de¬ 
mands  of  the  new  century  by  taking  the  best 
technology  available  from  EC135  and 
BK117,  and  providing  customers  a  state-of- 
the-art  technology  medium  twin  helicopter 
meeting  their  requirements  for  present  and 
future  operations  [2]  (Fig.  1). 
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EC135  BK117C-1 


BK117C-2  (EC145) 


Fig.  1:  BK117  C-2  Evolution 

BK117  C-2  Horizontal  Stabilizer 

A  good  example  for  a  fatigue  loaded 
composite  part  of  the  BK117  C-2  fuselage 
structure  is  the  horizontal  stabilizer.  It  con¬ 
sists  of  two  major  parts,  the  wing  box  made 
in  carbon  fiber  composite  with  a  resin 
system  curing  at  180°C  and  the  end  flag 
which  is  a  sheet  metal  design.  The  wing  box 
carryies  the  aerodynamic  loads  coming  from 
the  horizontal  stabilizer  and  the  end  plates 
and  comprises  two  spars  (forward  and  rear 
spar)  and  the  leading  edge  which  are  carried 
out  in  monolithic  design  and  the  skin  area 
designed  as  honeycomb  sandwich  structure 
to  avoid  ribs  (Fig.  2). 


Fig.  2:  Horizontal  Stabilizer  (Ih) 

The  horizontal  stabilizer  is  connected 
to  the  tailboom  via  a  metallic  fitting  riveted 
on  the  tailboom  structure  to  which  it  is  at¬ 
tached  with  two  bolts  on  each  side  (Fig.  3). 


Fig.  3:  Installation  of  BK117  C-2  Hori¬ 
zontal  Stabilizer  on  Tailboom 

The  fatigue  requirements  to  be  ful¬ 
filled  are  given  in  FAR29.571  and  in  the 
„Special  Conditions:  Primary  Structures  De¬ 
signed  with  Composite  Material"  which 
were  defined  by  the  authorities.  One  of  the 
main  design  goals  was  to  get  a  structure 
without  any  lifetime  limitation  (unlimited 
life)  and  large  inspection  intervals. 

To  meet  this  challenge  the  horizontal 
stabilizer  is  designed  as  a  damage  tolerant 
structure.  The  two  spars  allow  to  consider 
the  design  as  a  multiple  load  path  structure. 
Allowable  manufacturing  defects  and  barely 
visible  impact  damages  (BVID)  which  can 
be  realistically  expected  during  operational 
service  are  taken  into  account  for  the  dimen¬ 
sioning  of  the  structure.  The  maximum  size 
of  manufacturing  defects  to  be  considered  is 
limited  by  the  NDT  techniques  applied  dur¬ 
ing  the  manufacturing  process  by  the  quality 
assurance. 

Based  on  the  material  data,  the 
structural  design  and  the  external  loads  a 
detailed  FE-model  is  established  (Fig.  4)  to 
determine  the  internal  loads  in  the  structure. 
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Fig.  4:  FE-model  of  Horizontal  Stabilizer 

Now  for  each  part  of  the  structure 
the  stress  analysis  and  strength  substantia¬ 
tion  is  carried  out.  The  internal  load  distri¬ 
bution  resulting  from  the  FE-model  has  been 
verified  by  a  static  limit  load  test  (Fig. 
5).The  comparison  of  the  theoretical  results 
to  the  test  results  showed  a  good  correlation 
concerning  the  internal  loading  distribution 
and  confirmed  the  analytical  results  of  the 
strength  substantiation. 


Fig.  5:  Static  Limit  Load  Test 


For  the  fatigue  substantiation  of 
these  types  of  defect  the  „no-growth-ap- 
proach“  is  chosen,  i.e.  the  damage  may  not 
grow  during  the  complete  life  of  the  struc¬ 
ture  under  the  occurring  loads  to  such  an 
extent  that  the  structural  strength  will  be  re¬ 
duced  below  Design  Ultimate  Load  (DUL). 
To  fulfil  this  requirement  a  strain  limit  is 
applied  to  the  structure  as  a  dimensioning 
criterion.  The  strain  threshold  where  a  dam¬ 
age  begins  to  grow  under  fatigue  loading  has 
been  determined  by  specific  fatigue  tests  on 
coupon  level  carried  out  with  the  material 


used  for  the  horizontal  stabilizer.  This  ap¬ 
proach  was  already  verified  in  previous  pro¬ 
grams  by  full  scale  fatigue  tests  containing 
representative  manufacturing  defects  and 
BVID’s. 

BK117  C-2  Main  Rotor  Blade 

The  BK117  C-2  main  rotor  blade 
design  (Fig.  6)  includes  a  150kg  thrust 
increase  at  comparable  power  versus  BK117 
C-l,  noise  reducing  parabolic  blade  tip 
shape,  leading  edge  with  nickel  erosion 
protection,  integration  of  balancing  weights 
to  allow  blade  interchangeability,  and  the 
use  of  advanced  prepreg  fabrication 
methods.  A  newly  developed  series  of 
advanced  blade  airfoils  with  optimised 
distribution  over  the  blade  radius  was 
applied.  The  blade  planform  with  negative 
taper  and  the  twist  distribution  were  based 
on  the  experience  gained  in  former  research 
programmes. 


Fig.  6:  Main  Rotor  Blade  of  BK117  C-2 

Experience  from  the  fleet  of  BO  105 
and  BK117  helicopters  led  to  an  investiga¬ 
tion  on  the  fatigue  damage  tolerance  of  the 
main  rotor  blades.  The  goal  of  the  study  was 
to  prove  that  damages  in  the  fiber  loop  of 
the  blade  root  attachment  grow  with  a  slow 
rate  [3]. 

For  fatigue  testing  the  blade  root  is 
loaded  with  centrifugal  force,  torsional  mo¬ 
ment  and  flapwise  and  lead  lag  bending. 
During  the  fatigue  test  several  non  destruc¬ 
tive  inspections  of  the  test  specimen  were 
carried  out  using  computer  tomography  [4]. 
The  crack  development  as  well  as  the 
spreading  of  delaminations  were  monitored. 
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Additionally  tests  on  the  whirl  tower 
were  done  to  examine  the  influence  of  the 
propagating  damage  on  the  behavior  of  the 
blade.  The  damage  propagation  was  simu¬ 
lated  by  successive  cuts  with  increasing 
depth  into  the  fiber  loop.  A  clear  correspon¬ 
dence  between  the  damage  size  and  main 
rotor  imbalance  and  lead  lag  track  could  be 
demonstrated.  Both  of  these  deviations  from 
normal  blade  behavior  can  be  measured  and 
provide  an  indirect  detection  method  for  the 
internal  damage.  The  maximum  damage  was 
simulated  by  cutting  60%  of  the  cross  sec¬ 
tion  of  the  fiber  loop  (Fig.  7). 


Fig.  7:  Maximum  simulated  Damage  on 

Blade  Root 

After  whirl  tower  testing  the  dam¬ 
aged  blade  was  subjected  to  an  test  with  1.5 
times  the  limit  load  without  fracture.  This 
proved  the  residual  strength  capacity  with  a 
clearly  detectable  damage  size. 

EC135  Fenestron  Drive  Shaft 

The  dynamic  performance  of  sub- 
critical  drive  shafts  running  with  high  speed 
is  highly  influenced  by  their  weight  and 
bending  stiffness.  The  use  of  carbon  fiber 
composite  offers  the  opportunity  to  create  an 
advantageous  relation  between  weight  and 
bending  stiffness.  Furthermore  the  propor¬ 
tion  between  bending  and  torsional  stiffness 
can  be  adjusted  to  the  requirements. 


These  features  helped  to  improve  the 
fenestron  drive  train  of  the  EC  135.  Figure  8 
shows  the  shafting  with  one  long  steel  shaft 
and  two  short  shafts  being  previously  made 
of  aluminum  and  now  replaced  by  carbon 
composite. 


Fig.  8:  Carbon  Fiber  Fenestron  Drive 
Shaft  of  the  EC135 

The  carbon  fiber  design  of  the  short 
drive  shafts  fulfils  the  following  important 
requirements: 

•  damage  tolerance 

•  infinite  life 

•  higher  Eigenfrequency  (even  at 
slightly  higher  length) 

•  less  weight 

•  same  cost  as  aluminum  part 

For  the  certification  of  the  shafts  the  special 
conditions  for  fiber  composites  had  to  be 
satisfied.  To  show  the  dynamic  strength  af¬ 
ter  impact  damage  tests  with  shafts  impacted 
at  25  J  were  carried  out.  These  tests  were 
stopped  after  the  required  number  of  load 
cycles  to  demonstrate  ultimate  strength  after 
dynamic  loading  with  impact/defect.  The 
mean  S/N  curve  is  reduced  by  a  factor  of 
0.75  to  account  for  the  required  statistical 
values  for  the  survivability  and  confidence 
level.  The  resulting  working  S/N  curve 
(Fig.  9)  shows  dynamic  torque  load  versus 
number  of  load  cycles  and  yields  unlimited 
lifetime  for  the  carbon  shafts. 


204 


Torque  Load 


Iff  M 

-IK 

mm-m 

mm 

if 

ft 

■t 

is 

1 

in 

>4  ill 

isf  iifin 

No  Failt>ni|!|'|* 

PS 

10°  101  ioa  10*  io4  10*  10*  10?  10* 

Load  Cycles 


Fig.  9:  S/N  Curve  of  the  Drive  Shaft 

Also  the  sensitivity  against  manu¬ 
facturing  defects  was  taken  into  account. 
Static  tests  on  specimen  with  a  25  J  impact 
and  with  artificial  manufacturing  defects 
proved  the  equivalence  of  the  impact  dam¬ 
age  and  the  considered  manufacturing  de¬ 
fects.  To  care  about  the  variation  of  the  im¬ 
pacts  each  tested  shaft  has  three  impact  lo¬ 
cations.  Figure  10.  shows  the  shaft  after 
completion  of  the  test. 


Fig.  10:  Drive  Shaft  after  Rupture 


Conclusions 

Fiber  composite  structures  are  in¬ 
creasingly  spreading  in  aeronautic  appli¬ 
cations  since  the  last  decades.  For  helicop¬ 
ters  important  improvements  were  achieved 
with  composite  rotor  blades  leading  to  sim¬ 
pler  concepts,  less  weight  and  maintenance 
effort  combined  with  higher  reliability  and 
service  life.  New  developments  feature  fiber 
composites  also  in  other  components  of  the 


dynamic  system  as  well  as  in  the  airframe 
structure  and  empennage. 

Composite  parts  show  a  good  dam¬ 
age  tolerance  potential  which  is  important  to 
meet  the  more  and  more  stringent  demands 
of  the  certification. 

For  the  customer  composite  compo¬ 
nents  are  highly  reliable  and  cost  effective 
due  to  high  replacement  or  inspection  inter¬ 
vals. 
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Abstract 

The  discrepancy  of  DTD  methods  is 
existent  between  composite  structures  and 
aluminum  structures.  The  composite 
structures  are  currently  designed  by  no¬ 
growth  concept,  whereas  the  aluminum 
structures  are  designed  by  damage  growth 
concept.  In  the  early  stage  for  application  of 
composite  materials,  fracture  mechanics 
were  not  enough  to  be  known  to  design  by 
damage  growth  concept.  Methodology  for 
predictable  damage  growth  design  is 
presented  by  founding  on  the  many  recent 
studies. 

Key  Words:  composite  structure,  damage 
growth,  purpose,  methodology 

Introduction 

The  stress  threshold  of  delamination 
growth  at  hole  edges  in  composite  structures 
is  40%  thru  50%  of  failure  load.  This  is  very 
high  stress  level  in  comparison  with  that  of 
cracking  at  notches  of  aluminum  alloy,  e.g. 
10%.  Owing  to  this  superiority,  the  design 
method  based  on  no-growth  concept  has 
been  main  policy  of  long  standing  in  the 
practice  of  composite  structure  design. 
Historically  the  damage  growth  concept  was 
poorly  understood,  the  lack  of  knowledge 
led  to  overdesigned,  i.e.  overweight. 


Purpose  of  PDGD 

The  purposes  of  Predictable  Damage 
Growth  Design  (PDGD)  are 

(1)  To  put  the  improvement  of  design 
allowables  into  practice  through  Damage 
Growth  Simulation  and  Residual  Strength 
Prediction  for  advanced  composite  materials 
application  to  new  aircraft  such  as  Sonic 
Cruiser  (SC). 

(2)  To  realize  the  weight  saving  needs  for 
Super  Sonic  Transport  (SST)  or  Reusable 
Space  Vehicle  (SSTO). 

(3)  To  maintain  the  flight  safety  of  aging 
aircraft. 

Improvement  of  design  allowables 
In  comparison  between  CAI(Compression 
strength  After  Impact)  and  OHC(Open  Hole 
Compression  strength),  CAI«OHC  for 
brittle  resin  in  the  past.  However  CAI^ 
OHC  for  current  tough  epoxy  resin  or  tough 
thermoplastic  resin  [1],  Design  allowable 
for  CAI  can  be  reformed  by  reflecting  the 
improvement  of  resin.  As  the  impact 
damage  size  of  these  tough  resins  is  non- 
visible,  damage  growth  from  small  defects 
must  be  predicted. 

Similarly  in  tension  loading,  the  matrix 
crack  initiation  has  been  delayed  from 
0.35%  strain  of  brittle  resin  in  the  past  [2]  to 
0.70%  strain  of  current  tough  epoxy  resin 
[3].  The  tension  allowable  can  also  be 
reformed  and  then  the  increase  of  matrix 
crack  density  must  be  predicted. 
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PDGD  is  effective  procedure  to  predict 
damage  growth  from  small  impact  damage 
and  increase  of  matrix  crack  density. 

Weight  saving  needs 

By  the  improvement  of  design  allowables 
mentioned  above,  much  weight  saving  can 
be  attained.  Non-visible  CAI  design  gives 
about  6%  structural  weight  saving  by 
improving  compression  allowables  from 
25%  of  intact  compression  strength  to  60% 
in  the  application  to  CAI  critical  parts  of 
wing  upper  side.  Matrix  crack  tolerant 
design  gives  about  14%  structural  weight 
saving  by  improving  tension  limit 
allowables  from  0.35%  strain  to  0.70%  in 
the  application  to  tension  critical  parts  of 
wing  lower  side,  empennage  and  pressure 
cabin. 

Super  sonic  transport  (SST)  or  Reusable 
space  vehicle  (SSTO)  needs  50%  weight 
saving  in  comparison  with  conventional 
aluminum  structures.  No-growth  design 
gives  at  most  40%  weight  saving  by  the 
maximum  composite  application  up  to  90% 
structural  weight  ,  but  can  not  attain  a  full 
need.  PDGD  based  on  non  visible  CAI 
design  and  matrix  crack  tolerant  design 
gives  about  10%  additional  weight  saving 
and  then  can  attain  the  full  need,  i.e.  50%. 


Flight  safety  of  aging  aircraft 
The  total  number  of  commercial  transport 
aircraft  in  service  at  the  end  of  2000  is  about 
22,300.  Looking  on  the  design  life  as  20 
years,  30%  of  them  (i.e.  about  6,400)  are 
over  the  design  life.  Airworthiness  of  aging 
aircraft  must  be  maintained  as  long  as  the 
aircraft  remain  in  service  by  keeping  enough 
flight  duration  through  the  damage  detection 
and  repair.  PDGD  based  on  damage  growth 
concept  is  the  most  effective  procedure  to 
decide  detectable  damage  size  and 
inspection  intervals. 

Methodology  of  PDGD 

One  of  main  purposes  of  PDGD  is  on 
estimation  of  Time  Before  Catastrophic 
Failure  (TBCF).  Damages  in  composite 
structure  are  divided  into  the  following  four 
kinds  by  their  sources.  (i)Pre-existing 
damage,  (ii)Damage  initiation, (iii)Impact 
damage  and(iv)Discrete  source  damage.  Of 
these  damages,  PDGD  is  needed  for  (i)(ii) 
and  (iii)  because  of  the  origin  (small  defects) 
of  damage  growth  in  service. 

Approach 

An  approach  is  shown  in  Fig.  1.  In  the  current 
design  based  on  no-growth  concept,  residual 


Fig.1  Approach  to  Predictable  Damage  Growth  Design 
to  estimate  Time  Before  Catastrophic  Failure 


[  Current  design  items 
[ttema  added  by  PDGD  j 
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strengths  for  visible  impact  damage  and 
discrete  source  damage  are  estimated.  In 
PDGD  based  on  damage  growth  concept, 
non  visible  damages  such  as  pre-existing 
damage,  damage  initiation  and  small  impact 
damage  are  newly  defined  and  then  the 
damage  growths  from  them  are  predicted. 

Pre-existing  damage  and  growth  rate 
In  the  process  of  drilling,  edges  of  hole  are 
subject  to  very  small  defects  as  same  as 
aluminum  structures.  In  case  of  composite 
structures  pre-existing  damages  by  drilling 
are  chipout,  delamination  and  oversize.  The 
location  and  size  can  be  defined  by  hole 
accept/reject  criteria  [4]  in  pre-assembly 
inspection. 

An  example  of  characterization  for  damage 
growth  rate  from  hole  edge  delamination  is 
shown  in  Fig.2.  In  this  characterization  the 
similar  method  as  crack  propagation  formula 
of  aluminum  alloy,  i.e.  the  function  of  stress 
intensity  factor,  was  found  to  be  applicable. 

Fig.2  Example  of 
Damage  Growth  Rate 

(1)  Damage  Location  and  Size: 
Pre-existing  damage  by  drilling 

(2)  Delamination  Growth  Rate: 
db/dN  =  C[Ax  Vbj" 

Ax  =  f(b/D)(r  max-  r  mln)  -  r  th 

for  T300/#3601 

db/dN  =  2.76x1 0-13(^  z  f  b)801 
for  T500/#3620 

db/dN  =  5.42xtO-12Ul  z  V“b)673 
for  AS4/PEEK 

db/dN  =  3.94x10-9(^d  r  fbp» 

(3)  Empirical  Factor  f(b/D): 
f(b/D)  =  1.06  — 0.127(b/D) 


growth  rate  as  shown  in  Fig.3.  The  matrix 
crack  density  growth  rate  is  characterized  as 
a  function  of  energy  release  rate  range. 

Impact  damage 

Prediction  of  multiple  layer  delamination 
growth  studied  by  H.Suemasu  (Sophia 
University),  Prediction  of  growth  and 
residual  strength  for  coexisting  transverse 
cracks  and  delaminations  studied  by  M.Zako 
(Osaka  University)  [8]  are  interested  as  a 
method  to  characterize  the  complicated 
multiple  layer  damage  due  to  impact. 

Other  damages 

Other  damages  to  be  developed  for  their 
growth  and  residual  strength  are  porosity, 
post  impact  fatigue  (PIF),  discrete  source 
damage. 

Construction  of  Methodology 

There  are  many  assumptions  in 
fracture  mechanics  of  composite  materials 


Pre-existing  D. 

L  ■:  0.25mm 
W  :  1.78mm 
Lo.  :  Drill  Exit  Side 
most-out  interlami. 

Drill  Entrance  Side 


1 

10  100 

4; 

yi.OOE-06 

5 

*  1.00R-07 

4 

1.00E-08 

db/dN-3.94xl  <S*(.Axf 
(AS4/PEEK) 

db/dN"5.42xiO',*f  AxJ 

>“* 

b)*-73 

\  /jp 

{T5O0/3620) * 
<ib/<JN-2.76x  1 0-'V-dt  ■) 
0300/3601} 

b>‘»' 

Delamination 
Growth  Rat 

s 

Damage  initiation  and  growth 
Some  results  of  recent  damage  mechanics 
analyses  [5]  [6]  [7]  indicate  the  capability  to 
predict  matrix  crack  initiation  and  density 


and  structures.  Many  and  much  efforts  are 
necessary  to  get  complete  knowledge  and  to 
construct  the  methodology  of  PDGD 
through  a  process  started  from  many 
assumptions  as  shown  in  Fig.4. 
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FIG. 3  Damage  Initiation  and  Growth 

Characterization  of  Matrix  Cracking  by 
S.Kobayashi, S.Ogihara  and  N.Takeda 
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Conclusions 


(1) The  purposes  of  PDGD  are  improvement 
of  design  allowables  and  realization  of 
additional  weight  saving  needs  for  new 
aircraft  and  maintaining  flight  safety  of 
aging  aircraft. 

(2) Many  current  comprehensive  studies  to 
characterize  the  complicated  phenomena 
concerned  about  fracture  mechanics  of 
composite  materials  lead  to  the  construction 
of  methodology  for  PDGD. 


Fig.4  Effort  from  many  Assumptions 
to  complete  Knowledge 


^Applicable) 


Complete  Knowledge 


Standardize 


Demonstrate 


I 


Characterize 


References 

1.  data  presented  by  T.Ishikawa  (NAL),2001 

2.  N.Takeda,  et  al.  Proceeding  of  Smart 
Materials  Symposium  2000,  RIMCOF,  2000, 
pp.63-68. 

3.  data  presented  by  N.Takeda  (The 
university  of  Tokyo),  2001. 

4.  Pengra,J.J  and  Wood,R.E.,  AIAA  80-0777, 
1980,  Table  II. 

5.  Kobayashi,S.,  Ogihara,S.,  Takeda,N.,  Adv. 
Composite  Materials,  Vol.9,  No.3,  2000, 
pp.241-251. 

6.  Kobayashi,S.,  Ogihara,S.,  Takeda,N., 
Science  and  Engineering  of  Composite 
Materials,  Vol.9,  No.2,  2000,  pp.45-54. 

7.  Kageyama,K.,  An  annual  report  (SST)  of 
RIMCOF,  2001,  pp.368-384. 

8.  Zako,M.,  An  annual  report  (SST)  of 
RIMCOF,  2001,  pp.385-404. 


210 


Proceedings  of  7th  Japan  International  SAMPE 
Symposium  §  Exhibition,  Nov.  13-16,  200 1 


Durability  Analysis  of  Composite  Structures 
Using  the  Accelerated  Testing  Methodology 

Akira  Kuraishi  and  Stephen  W.  Tsai 


Department  of  Aeronautics  and  Astronautics,  Stanford  University 
496  Lomita  Mall,  Durand  250,  Stanford,  CA  94305-4035,  USA 
akirak@leland.stanford.edu 


Abstract 

The  use  of  composite  materials  is 
increasing  steadily  in  many  applications, 
but  not  as  much  in  the  durability  critical 
applications.  One  reason  is  that  the 
durability  of  composite  materials  is  hard  to 
characterize  due  to  their  viscoelastic 
nature.  The  Accelerated  Testing 
Methodology  is  an  efficient  and  systematic 
method  of  characterizing  the  viscoelastic 
material  properties,  through  series  of 
short-term  tests  at  elevated  temperatures. 
In  this  paper,  we  will  show  the  outline  of 
the  durability  design  of  composite 
structures  using  this  methodology.  The 
methodology  provides  valuable  long-term 
predictions  that  can  be  used  for  the 
material  selection,  design  guidelines, 
design  optimization,  and  proof  test. 

Key  Words:  Durability,  Accelerated 
Method 

Introduction 

The  use  of  composite  materials  is 
increasing  steadily  due  to  their  high 
specific  properties  and  design  flexibility. 
In  applications  such  as  certain  sporting 
goods,  composite  materials  have 
completely  replaced  conventional 
materials.  On  the  other  hand,  the  use  of 
composite  materials  is  still  very  limited  in 


the  durability  critical  applications,  such  as 
the  commercial  aircraft  applications.  One 
reason  is  that  the  durability  of  viscoelastic 
materials,  such  as  composite  materials,  is 
hard  to  characterize. 

S-N  curve  is  the  most  common  tool 
used  to  study  the  durability  of 
conventional  materials.  Based  on  the 
assumption  that  fatigue  strength  depends 
on  cycles  but  not  on  time,  the  test  can  be 
accelerated  by  applying  the  cyclic  loading 
at  high  frequencies.  This  assumption  does 
not  hold  for  polymeric  composite 
materials,  whose  stiffness  and  strength 
show  strong  time-  and  temperature 
dependence.  This  time-dependence,  which 
can  also  be  called  the  rate-dependence,  is 
not  observed  in  conventional  metals  and  is 
often  ignored  in  most  test,  analysis,  and 
design  methods. 

Design  of  Composite  Structures 

In  the  design  of  a  structure,  the 
internal  stresses  are  analyzed  and  are 
compared  with  the  design  allowables.  For 
composite  materials,  these  design 
allowables  are  time-  and  temperature- 
dependent,  and  must  be  obtained  through 
time-consuming  tests.  For  example,  if  the 
service  life  is  15  years,  regular  approach 
calls  for  15  years  of  tests  at  the  same 
condition.  This  is  not  practical,  and  thus 
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we  resort  to  accelerated  methods  such  as 
the  Accelerated  Testing  Methodology 
(ATM)  proposed  by  Miyano  [1].  Using 
this  methodology,  long-term  material 
properties  can  be  predicted  through  series 
of  short-term  tests. 

Fig.l  shows  the  outline  of  a 
proposed  durability  design  method  using 
the  ATM.  The  long-term  predictions  can 
be  used  as  the  basis  of  the  material  and 
process  selections.  They  can  also  be  used 
as  the  design  guidelines  to  optimize  the 
structure  for  durability  and  performance. 
ATM  also  provides  useful  information  for 
the  design  of  a  proof  test. 


Accelerated  Testing  Methodology 


Accelerated  Tests 


Master  Curves 


Material  Selection 


Static  and  fatigue  tests 
of  basic  properties 

Creep  and  fatigue  predictions 
of  basic  properties 

1  Select  materials  based  on 
J  their  long-term  properties 


degradations,  which  occur  under  loads 
over  long  period.  Not  only  are  the  tests 
accelerated,  but  the  results  are  applicable 
to  wide  ranges  of  temperature  and  time  to 
failure. 


Using  this  as  the  building  block, 
the  methodology  predicts  the  long-term 
static  (constant-strain-rate),  creep,  and 
fatigue  strengths  as  shown  in  Fig.2. 


Series  of  tests  at  elevated  temperatures 


Constant-Strain-Rate 

Fatigue  Tests 

Tests 

(S-N  Curves) 

Time-Temperature  Superposition 


Predictions  for  wide  ranges  of  temperature 
time  to  failure,  and  loading 
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Fig.2  Accelerated  Testing  Methodology 


- 7 - — 7  7  |  Optimize  the  design  for 

Design  Optimization  |  durability  and  performance 


- 1 - ~  |  Perform  proof  test 
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Using  this  methodology,  valuable 
database  for  the  durability  design  can  be 
generated  in  a  relatively  short  period. 


Fig.l  Durability  Design  Method 


Sample  Test  Results 


Let  us  set  our  goal  to  analyzing  the 
durability  of  a  composite  structure  subject 
to  either  creep  or  fatigue  loading  for  15 
years  at  50°C.  For  the  fatigue  loading,  we 
assume  10,000  load  cycles  in  15  years. 

Accelerated  Testing  Methodology 

The  Accelerated  Testing 
Methodology  is  based  on  the  time- 
temperature  superposition  principle  of 
polymeric  materials,  which  relates  the 
effect  of  temperature  and  the  effect  of  time 
on  the  strength  and  stiffness.  In  this 
methodology,  elevated  temperatures  are 
used  to  accelerate  the  mechanical 


Composite  materials  are  highly 
anisotropic,  and  their  strengths  differ 
greatly  according  to  the  directions.  The 
following  are  some  examples  from  the 
published  test  results  of  the  two  most 
important  strengths  of  a  composite  lamina, 
namely  the  longitudinal  and  transverse 
tensile  strengths. 

The  longitudinal  tensile  strength  of 
CFRP  was  measured  by  Miyano  et  al  [2] 
using  the  carbon  fiber  strand  tension  test. 
Fig.3  shows  the  test  results  and  the  master 
curve  of  the  static  strength.  The  constant- 
strain-rate  tests  were  performed  for  3 
strain  rates  and  6  temperatures.  The 
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measured  static  strengths  were  plotted  on 
logarithm  of  time  to  failure  as  shown  to 
the  left.  These  measurements  were 
contracted  into  a  single  master  curve  using 
a  combination  of  temperature  and  time  to 
failure  as  the  horizontal  axis.  This  new 
parameter  is  called  the  reduced  time,  and 
can  be  related  to  the  Arrhenius  equation. 


Test  Results 


Master  Curve 


Time  to  Failure 


Reduced  Time  [log  min] 


Fig.3  Static  Master  Curve 
(CFRP  Longitudinal  Tension) 


Fig.4  shows  the  master  curve  of  the 
creep  strength  calculated  from  the  static 
master  curve  above  using  an  equation 
derived  from  the  cumulative  damage  law. 
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Fig.4  Creep  Master  Curve 
(CFRP  Longitudinal  Tension) 


Fig.5  shows  the  fatigue  master 
curves  generated  by  applying  the  time- 
temperature  superposition  to  the  S-N 
curves  from  the  fatigue  tests  at  elevated 
temperatures.  The  vertical  axis  is  the 
applied  stress  amplitude,  the  horizontal 
axis  is  the  reduced  time  to  failure,  and  the 


different  curves  represent  different 
numbers  of  cycles  to  failure. 


Fig.5  Fatigue  Master  Curves 
(CFRP  Longitudinal  Tension) 


The  master  curves  of  the  transverse 
tensile  strength  of  CFRP  were  generated 
by  Miyano  et  al  [3]  using  the  transverse 
bending  test  of  the  CFRP  laminate.  Fig.6 
shows  the  static,  creep,  and  fatigue  master 
curves  of  CFRP  transverse  tensile  strength. 

Note  that  the  reduction  in  the 
transverse  strength  is  more  significant  than 
in  the  longitudinal  direction. 


Fig.6  Master  Curves 
(CFRP  Transverse  Tension) 


The  maximum  allowable  stresses 
in  the  longitudinal  and  the  transverse 
directions  are  summarized  in  Table  1 . 
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Table  1  Maximum  Allowable  Stresses 


Loading 

Static 

Creep 

Fatigue 

lmin 

1 5years 

lSyears 

104cycles 

Longitudinal 

4400 

3100 

3200 

Transverse 

129 

54 

45 

Stresses  in  MPa 


Typically,  the  static  strength  is 
measured  using  a  constant-strain-rate  test 
with  a  time  to  failure  of  about  1  minute. 
Compared  to  this  static  strength,  the  creep 
and  fatigue  strengths  for  15years  are  about 
70%  in  the  longitudinal  direction  and 
about  35%  in  the  transverse  direction. 

Note  also  that  the  difference 
between  the  allowable  stresses  at  15  years 
(106'9minutes)  and  60  years  (107  5minutes) 
are  very  small.  This  suggests  that  the 
typical  safety  factor  of  4  in  life  may  not  be 
sufficient  for  the  safe  design. 

Durability  Design  Guidelines 

From  the  results  shown  above,  the 
following  durability  design  guidelines  can 
be  derived. 

(1)  The  longitudinal  stress  must  be 
designed  below  70%  of  the  longitudinal 
tensile  static  strength. 

(2)  The  transverse  stress  must  be  designed 
below  35%  of  the  transverse  tensile  static 
strength. 

(3)  The  creep  loading  is  more  critical  for 
longitudinal  stress,  and  fatigue  loading  is 
more  critical  for  transverse  stress. 

Accelerated  Proof  Test 

The  results  suggest  that  a  proof  test 
under  normal  conditions  can  overestimate 
the  durability  of  the  structure.  Using  the 
time-temperature  superposition,  we  find 
that  15  years  of  creep  loading  at  50°C  is 


equivalent  to  1  minute  of  creep  loading  at 
120°C.  Therefore,  we  can  perform  a  creep 
test  for  1  minute  at  120°C  as  the  proof  test. 

Conclusions 

The  time-  and  temperature- 
dependent  strength  of  polymeric 
composite  materials  can  be  predicted  by 
the  Accelerated  Testing  Methodology.  The 
results  can  be  used  as  the  basis  of  material 
selection,  guidelines  for  the  durability 
design,  and  for  the  proof  test. 

Future  Work 

The  design  allowables  can  be  generated 
from  the  master  curves  with  appropriate 
statistical  analysis.  This  issue  is  being 
studied  by  the  authors,  but  is  outside  the 
scope  of  this  paper. 
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Abstract 

We  proposed  a  prediction  method  of  fatigue 
failure  load  for  polymer  composite  structures  under 
an  arbitrary  frequency,  load  ratio  (minimum  load  / 
maximum  load),  and  temperature  from  the  results  of 
constant  elongation-rate  (CER)  test  under  various 
temperatures  and  loading  rates,  and  fatigue  tests  at  a 
single  frequency  under  various  temperatures. 
Tensile  CER  and  fatigue  tests  of  CFRP/metal  bolted 
joint  were  conducted  for  various  temperatures  and 
loading  rates.  The  validity  of  this  method  was 
proven  for  the  tensile  fatigue  failure  load  for  this 
CFRP/metal  bolted  joint 

Key  Words:  Life  prediction,  Bolted  joint. 
Time-temperature  dependence,  Fatigue 

Introduction 

The  mechanical  behavior  of  polymer  resins 
exhibits  time  and  temperature  dependence,  called 
viscoelastic  behavior,  not  only  above  the  glass 
transition  temperature  Tg  but  also  below  Tg.  Thus, 
it  can  be  presumed  that  the  mechanical  behavior  of 
polymer  composites  also  significantly  depends  on 
time  and  temperature.  [1-6], 

In  our  previous  papers  [7],  we  proposed  a 
prediction  method  for  the  fatigue  life  of  polymer 
composites  under  an  arbitrary  frequency,  stress  ratio, 
and  temperature  from  the  data  measured  by  constant 
srtain-rate  tests  at  several  strain -rates  and  various 
temperatures,  and  fatigue  tests  at  a  single  frequency 
and  various  temperatures.  The  validity  of  this 
method  and  the  hypotheses  was  confirmed  by 


three-point  bending  tests  of  strain-woven  CFRP 
laminates  and  others. 

In  this  paper,  the  validity  of  the  prediction  method 
is  discussed  for  the  case  of  the  tensile  fatigue  failure 
load  of  CFRP/metal  bolted  joint. 

Prediction  Procedure  of  Fatigue  Failure  Load 

A  prediction  method  for  fatigue  failure  load  of 
composite  structures  under  an  arbitrary  frequency, 


PKh ;  f.  R,  T)  for  any  f .  R,  T 


T. Tq  :  temperature,  reference  temperature 

f,  f  •  frequency,  reduced  frequency 

U.  tc,  h  :  time  to  failure  under  CEH(Constant  Elongation  Rate),  creep  and  fatigue  loadings 
t*\  tc\  V  •  reduced  time  to  failure 

arcCD  ‘  time-temperature  shift  factor  (aro(T)=VWl=Vl,c=tVtf,=f/f) 

R  :  stress  ratio  (RaP^^/P^ 

Nf  :  number  of  cycles  to  failure  (Nf=f  *tr) 

PB,  Pc,  Pf  :  CER,  creep  and  fatigue  strength 
Pft0.Pf:i  :  Of  for  R=0  and  R-1 


Fig.l  Prediction  procedure  of  fatigue  failure  load  for  FRP 
structures 
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load  ratio,  and  temperature  rests  on  the  four 
hypotheses;  (A)  same  failure  mechanism  for  CER, 
creep,  and  fatigue  failure,  (B)  same 
time-temperature  superposition  principle  for  all 
failure  loads,  (C)  linear  cumulative  damage  law  for 
monotonic  loading,  and  (D)  linear  dependence  of 
fatigue  failure  load  upon  load  ratio.  When  these 
hypotheses  are  met,  the  fatigue  failure  load  can  be 
determined  based  on  the  master  curves  of  CER 
failure  load  and  fatigue  failure  load  for  zero  load 
ratio.  The  master  curve  of  CER  failure  load  can  be 
constructed  from  the  test  results  at  several 
elongation-rates  for  various  temperatures.  On  the 
other  hand,  the  master  curve  of  fatigue  failure  load 
for  zero  load  ratio  can  be  constructed  from  the  test 
results  at  a  single  frequency  for  various 
temperatures  using  the  time-temperature 
superposition  principle  for  the  CER  failure  load. 
The  outline  of  this  method  is  shown  schematically 
in  Fig.l  together  with  definitions  of  some  notations. 


Results  and  Discussion 

Master  Curve  of  CER  Failure  Load 

The  left  side  of  Fig.3  shows  the  tensile  CER 
failure  load  Ps  versus  time  to  failure  ts,  where  ts  is 
the  time  period  from  initial  loading  to  maximum 
load.  The  master  curve  for  Ps  was  constructed  by 
shifting  Ps  at  various  constant  temperatures  along 
the  log  scale  of  ts  so  that  they  overlap  on  Ps  at  the 
reference  temperature  T0  or  on  each  other  to  from  a 
single  smooth  curve  as  shown  in  the  right  sides  of 
this  figure.  Since  the  smooth  master  curves  can  be 
obtained,  the  time-temperature  superposition 
principle  is  applicable  for  Ps. 

Time-temperature  shift  factor  aTo(T)  is  defined 
by 

0) 

where  V  is  the  reduced  time  to  failure. 


Experimental  Procedure 

The  CFRP/metal  bolted  joint  is  constructed  from 
a  CFRP  pipe,  steel  rod  (C45),  and  bolt  as  shown  in 
Fig.2.  The  CFRP  pipe  is  joined  to  steel  rod  by  two 
'/4-20UNC  bolt  with  small  washer.  The  thickness 
of  CFRP  pipe  is  2.6mm.  The  fracture  of  these 
bolted  joints  occur  at  the  comer  of  CFRP  pipe  at 
V4-20UNC  bolt. 

The  tensile  CER  tests  were  carried  out  under 
various  loading  rates  and  temperatures.  The 
loading  rates  were  0.01,  1  and  lOOmm/min.  The 
creep  tests  were  carried  out  under  various 
temperatures.  The  tensile  fatigue  tests  were  carried 
out  under  various  temperatures  at  two  frequencies 
f=5  and  0.05Hz.  Load  ratio  R  was  0.05. 
Furthermore,  the  fatigue  tests  at  f=5Hz  and  R=0.5 
were  also  conducted  under  several  temperatures. 


Fig.2  CFRP/metal  bolted  joint  system 
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Fig.3  Master  curve  of  CER  failure  load 

The  time-temperature  shift  factors  a-ro(T)  for  Ps 
obtained  experimentally  in  Fig.3  are  plotted  in  Fig.4. 
These  anj(T)  agree  with  those  for  the  storage 
modulus  of  the  matrix  resin  for  CFRP  indicated  by 
dotted  lines,  which  are  described  by  two  Arrhenius’ 
equations  with  different  activation  energies  AH, 


Temperature  T  pc] 


1/T  10"*  [1/K] 

Fig.4  Time-temperature  shift  factor  for  CER  failure  load 
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logaTo(T) 


AH  /I  1  ' 
2.303g[t  T0 


where  G  is  gas  constant  8.314xlO"3[kJ/mol]. 


(2) 


Master  Curve  of  Creep  Failure  Load 
We  proposed  a  prediction  method  of  creep 
failure  load  Pc  from  the  master  curve  of  CER  failure 
load  using  the  linear  cumulative  damage  law.  Let 
ts(P)  and  tc(P)  be  the  CER  and  creep  failure  times 
for  the  load  P.  Suppose  that  the  material 
experiences  a  monotone  load  history  P(t)  for  Q<t<t* 
where  t*  is  the  failure  time  under  this  load  history. 
The  linear  cumulative  damage  law  states 


-<*  dt 

Jo  t.[p(0] 


1 


(3) 


Figure  5  displays  Pc  versus  time  to  failure  tc. 
The  left  side  shows  the  experimental  data,  while 
tight  side  exhibits  the  data  shifted  to  T0=25°C  using 
the  shift  factors  for  CER  failure  load. 

The  right  side  of  this  figure  also  displays  the 
master  curve  for  predicted  Pc  in  the  curve  of  thick 
line,  which  is  obtained  from  the  master  curve  of  Ps 
based  on  the  lines  cumulative  damage  law.  The 
experimental  Pc  agrees  well  with  the  predicted  Pc. 
Therefore,  the  hypothesis  (Q  is  application  to  this 
joint,  and  it  seems  that  the  time-temperature 
superposition  principle  for  Ps  also  holds  for  Pc. 


Master  Curve  of  Fatigue  Failure  Load  for  Zero 
Load  Ratio 

We  regard  the  fatigue  failure  load  Pf  either  as  a 
function  of  the  number  of  cycles  to  failure  Nf  or  of 
the  time  to  failure  tf=Nf/f  for  a  combination  of  f,  R, 
T  and  denote  them  by  Pf(Nt;  f,  R,  T)  or  Pf  (tf ;  f,  R, 
T).  Further,  we  consider  that  the  CER  failure  load 
Ps(tf ;  T)  is  equal  to  the  fatigue  failure  load  at  Nf=l/2 
and  R=0  by  choosing  tf=l/(2f).  At  this  point,  we 
introduce  special  symbols  for  fatigue  failure  load  at 
zero  and  unit  load  ratios  by  Pf;0  and  Pf:i  where  the 


latter  corresponds  to  creep  failure  load. 

Thus,  the  master  curve  has  the  form,  Pf;0(tf ;  f, 
T0).  An  alternative  form  of  the  master  curve  is 
possible  by  suppressing  the  explicit  dependence  on 
frequency  in  favor  of  Nf  as  Pf0(tf;  Nf,  T0).  Recall 
that  the  master  curve  of  fatigue  failure  load  at  Np 
1/2  reduces  to  the  master  curve  of  CER  failure  load. 

To  describe  the  master  curve  of  Pf,  we  need  the 
reduced  frequency  f  in  addition  to  the  reduced  time 
to  failure  tf ,  each  defined  by 


f'  =  faTo(T),tf 


_Ji _ Nl 

Mt)  V 


(4) 


The  Pf;0  versus  Nf  (Pffl-Nf  curve)  for  FRP  joint  at 
f=5Hz  and  R=0.05  are  shown  in  Fig.6.  The  Pfio 
depends  remarkably  on  temperature  as  well  as  Nf. 


Fig.6  Fatigue  failure  load  versus  number  of  cycles  to 
failure  at  frequency  f=5Hz 


Reduced  temperature  T  [tj 


Reduced  time  to  failure  log  t,'  [min] 

Fig.7  Master  curve  of  fatigue  failure  load 
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The  upper  portion  of  Fig.  7  shows  Pf;o  versus  the 
reduced  time  to  failure  tf’.  On  the  other  hand,  each 
point  on  the  master  curves  of  constant  reduced 
frequency  represents  a  number  of  cycles  to  failure. 
Connecting  the  points  of  the  same  Nf  with  these 
curves,  the  master  curves  of  Pf:0  for  constant  Nf  are 
constructed  as  shown  in  the  lower  side  of  Fig.  7. 
This  result  indicates  that  the  fatigue  failure 
prediction  for  this  joint  should  be  based  on  time  to 
failure  and  temperature  rather  than  on  cycles  to 
failure. 

The  Pf;o-Nf  curves  of  FRP  joint  at  f=0.05Hz  and 
R=0.05  are  shown  in  Fig.8.  The  solid  lines  in  this 
figure  indicate  the  predicted  Pfo-Nf  curves  at  various 
temperatures  obtained  from  the  master  curves  of  Pf:0 
as  shown  in  the  lower  side  of  Fig.7.  Since  the 
predicted  Pf;0-Nf  curves  agree  with  the  experimental 
data,  the  time-temperature  superposition  principle 
for  Ps  also  holds  for  Pf:0.  Therefore,  the  hypothesis 
(B)  is  valid  for  this  joint. 


Fig.8  Prediction  of  fatigue  failure  load  at  frequency 
f=0.05Hz 


Prediction  of  Fatigue  Failure  Load  for  Arbitrary 
Load  Ratio 

We  have  the  master  curve  for  creep  failure  load 
Pc(tc';  T0)  from  which  follows  the  creep  failure  load 
at  any  temperature  T.  The  creep  failure  load,  in 
turn,  may  be  regarded  the  fatigue  failure  load  Pf:i(tf; 
f,  T)  at  unit  load  ratio  and  arbitrary  frequency  f  with 
tc=  tf.  Further,  from  the  master  curve  for  fatigue 
failure  load  at  zero  load  ratio,  we  can  deduce  the 
fatigue  failure  load  Pf^tf;  f,  T)  at  zero  load  ratio  for 
any  frequency  f  and  temperature  T. 

Implementing  hypothesis  (D),  we  propose  a 
formula  to  estimate  the  fatigue  failure  load  P^tf;  f,  R, 
T)  at  an  arbitrary  combination  of  f,  R,  T  by 

P,(t,;f,R,T) 

-P(!l(t,;f,T)R  +  P„(t,;f,T)(l-R)  (5) 

Figure  9  shows  experimental  data  of  Prtf  for 
f=5Hz,  R=0.5  at  various  temperatures.  The  curves 


of  R=0.05  and  R=1  respectively  represent  the  least 
squares  fit  for  experimental  data  of  fatigue  test  of 
R=0.05  and  R-l.  The  curves  for  R=0.5  are 
calculated  from  equation  (5)  on  the  basis  of  the 
curves  for  R=0.05  and  R=l.  As  can  be  seen,  the 
predictions  correspond  well  with  the  experimental 
data.  Therefore,  the  hypothesis  (D)  Is  valid  for  this 
joint. 


Number  of  cycles  to  failure  log  Nr 
3  4  5  6 


Fig.9  Prediction  of  fatigue  failure  load  at  load  ratio  R=0-S 


Conclusion 

We  proposed  a  prediction  method  of  fatigue  life 
for  polymer  composites  and  structures  under  an 
arbitrary  frequency,  stress,  and  temperature  from  the 
results  of  CER  and  fatigue  tests  under  various 
temperatures  and  loading  rates.  Tensile  tests  of 
CFRP/metal  bolted  joint  for  CER  and  fatigue 
loadings  were  conducted  for  various  temperatures 
and  loading  rates.  The  validity  of  this  method  was 
proven  for  the  tensile  fatigue  life  for  the 
CFRP/metal  bolted  joint  from  these  test  results. 
Furthermore,  it  is  found  from  these  experimental 
results  that  the  fatigue  failure  load  of  this  joint 
decreases  clearly  on  time  and  temperature  rather 
than  the  number  of  cycles  to  failure. 
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Abstract 

This  paper  presents  the  effect  of 
stitch  parameter  (stitch  thread  size  and  stitch 
density)  on  impact  damage  resistance  of 
through  the  thickness  stitched  composites. 
The  preforms  consist  of  carbon  fiber  plane 
weave  fabric  stitched  using  two  types  stitch 
method  with  aramid  fiber  thread  (Kevler®) 
or  consist  of  3D  textile  stitched  with  carbon 
fiber  thread.  Test  specimens  were  fabricated 
from  new  epoxy  resin  using  RTM  process. 
In  order  to  evaluate  impact  damage 
resistance  property,  compression  after 
impact  (CAI)  test  was  performed.  As  the 
results  of  tests,  CAI  strength  was  much 
affected  by  stitching  and  stitch  parameter. 
CF  stitched  specimen  shows  over  70% 
higher  strain  than  unstitched  specimen  at  the 
CAI  test.  The  increase  of  stitch  density 
contributed  the  degradation  of  damage  area 
and  the  improvement  of  residual  strength. 
While  the  increase  of  stitch  thread  size  was 
not  so  effective  in  residual  strength  in  this 
case. 

Key  Words:  composite,  stitching,  impact, 
compression  after  impact 

Introduction 


Carbon  fiber-reinforced  polymer 
composites  have  been  used  as  structural 
materials  for  military  and  commercial 
aircraft  to  achieve  substantial  reductions  in 
the  structural  weight.  However,  the  use  of 
structural  composite  has  been  limited  by 
their  high  process  cost  and  low  impact 
resistance  or  otherwise  by  high  material  cost 
of  toughened  epoxy  resin.  Nowadays,  many 
studies  [1-9]  have  been  conducted  to 
improve  these  problems  by  using  resin 
infusion  techniques  including  Resin  transfer 
molding  (RTM)  and  Resin  Film  infusion 
(RFI)  process  and  advanced  textile 
techniques  including  stitching,  braiding  and 
3D  textile.  We  have  evaluated  a  new  epoxy 
resin  for  structural  parts  which  was 
developed  by  TORAY  Industries,  Inc..  This 
new  resin  named  TR-A31  is  two-parts  epoxy 
resin  system  for  RTM  process.  This  resin 
can  be  cured  initially  at  under  100°C  and  has 
a  low  cost  processing  potential.  However, 
carbon/TR-A31  composite  is  not  enough  for 
CAI  property.  In  order  to  improve  this  low 
damage  tolerance  property,  we  have  been 
trying  to  apply  the  through  the  thickness 
stitching  and  3D  textile  preform  as  a 
reinforcement  of  TR-A31  composite.  This 
study  presents  the  evaluation  of  the  stitch 
parameter  effect  on  impact  damage 
resistance. 
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Test  Specimen  and  Procedure 

In  this  study,  three  types  of  stitch 
method  were  evaluated;  Lock  stitch,  One 
side  stitch  and  3D  stitched  textile.  The  lock 
stitched  preform  and  the  one  side  stitch 
preform  were  produced  from  quasi-isotropic 
layers  of  24  plies  low  crimp  plane  weave 
fabric  of  T700-12K  and  Kevlar  29  yarn  as  a 
stitch  thread.  The  lock  stitch  was  performed 
by  industrial  sewing  machine  with  a  stitch 
pitch  of  3mm  and  spacing  of  3mm.  The  one 
side  stitch  was  performed  by  typical  one  side 
stitch  machine  [10]  with  a  pitch  of  6mm  and 
spacing  of  4.4mm.  Because  this  machine 
can  stitch  from  one  side  of  the  preform,  it  is 
adaptable  to  any  preform  shapes.  In  order  to 
evaluate  the  effect  of  stitch  thread  size,  400 
and  1600  denier  stitch  thread  were  evaluated 
in  lock  stitch  and  one  side  stitch.  3D  stitched 
textile  [11]  consists  of  24  plies  T700  multi- 
axial  layers  (0745790°=20.7/58. 6/20.7)  and 
carbon-2K  z-direction  fibers.  In  order  to 
evaluate  the  effect  of  stitch  density,  two 
stitch  patterns  (6x6  mm  and  3x3  mm)  were 
evaluated.  The  salient  features  of  these  stitch 
patterns  are  shown  in  Fig.l  and  Fig.2. 

Needle 
thread 


Bobbin 

thread 


Z  thread 


Lock 

thread 


3D  Stitched  Textile 


Lock  Stitch 


Compression  after  impact  test  was 
conducted  as  per  SACMA  SRM  2R-94  at 
room  temperature/dry  and  82°C/wet 
conditions.  The  wet  specimens  were 
conditioned  in  deionized  water  at  72°C  for 
just  two  weeks.  The  impact  energy  levels 
were  ranging  from  2.22J/mm  to  ll.lJ/mm. 
The  stitch  was  conducted  along  the  load 
direction. 


Result 

Damage  Area  after  Impact 
A  damage  area  measurement  was  conducted 
by  an  ultrasonic  NDI  machine  after  impact. 
Result  is  shown  in  Table  1.  Damage  area  of 
stitched  specimen  was  clearly  smaller  than 
that  of  unstitch  specimen. 

Table  1  Damage  Area  of  Impacted 
Specimen 

(Impact  Energy:  6.7J/mm) 


Specimen 

Damage  Area  (mm2) 

Unstitched 

1156 

LS  Kevlar  400d 

792 

LS  Kevlar  1600d 

702 

LS:  Lock  Stitch 

Fig.l  Stitching  Patterns 


Fig.3  C-Scam  Image  of  Kevlar  1600d 
stitched  specimen  after  impact 
(Impact  energy:  6.7J/mm) 

Fig.3  shows  C-Scan  image  of  Kevlar 
lock  stitched  specimen.  An  elliptic  shape  of 
which  major  axis  was  along  the  stitch 
direction  was  observed  at  stitched  specimen. 
As  the  results  of  cross  section  observation, 
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the  damage  consisted  of  delaminations 
between  plies  together  with  a  number  of 
transverse  share  cracks  which  seemed  to 
spread  from  impacted  point.  The  cracks 
which  were  in  the  stitch  thread  or  along 
the  stitch  thread  at  just  around  the  stitch 
thread  were  barely  observed  in  damage  area. 

Residual  Compression  Result 
CAI  test  results  on  RT/dry  condition  are 
shown  in  Table2.  Take  notice  of  anisotropy 
of  3D  textile.  The  Kevlar  1600d  stitched 
specimen  showed  a  highest  residual  strength. 
While  the  3D  textile  specimen  stitched  with 
carbon  fiber  thread  showed  a  highest  impact 
resistance  property  in  failure  strain.  The  one 
side  stitched  specimen  showed  reasonable 
strength  corresponded  to  stitch  density. 
Table3  shows  CAI  test  results  of  unstitched, 
Kevlar  1600d  lock  stitched  and  CF  6x6mm 
stitched  specimen  on  82°C/wet  condition.  It 
appears  that  the  stitch  using  the  CF  thread 
was  effective  in  CAI  property  on  the  hot/wet 
condition. 

The  failure  mode  was  similar  for  both 
stitched  and  unstitched  specimens. 
According  to  the  inspection  of  failure  edges, 
the  failure  seems  to  be  occurred  by 
propagation  of  gathered  transverse  shear 
cracks. 


Table  2  CAI  Test  Result  (RTD) 
(Impact  Energy:  6.7J/mm) 


Specimen 

CAI  Strength 
(MPa) 

Failure 

Strain  (x  10’6) 

Unstitched 

203 

4400 

LS  Kevlar  400d 

268 

5900 

LS  Kevlar  1600d 

301 

6790 

OSS  Kevlar  400d 

216 

5060 

OSS  Kevlar  1600d 

238 

5550 

3D  CF  6x6  mm 

199 

5380 

3D  CF  3x3  mm 

270 

7720 

LS:  Lock  Stitch  ( Pitch:  3mm,  Space:  3mm  ) 

OSS:  One  Side  Stitch  (  Pitch:  6mm,  Space:  4.4mm  ) 
3D:  3D  Stitched  Textile 


Table  3  CAI  Test  Result  (HTW) 
(Impact  Energy:  6.7J/mm) 


Specimen 

CAI  Strength 
(MPa) 

RTD  to  HTW 

Reduction 

Unstitched 

158 

78% 

LS  Kevlar  1600d 

231 

77% 

3D  CF  6x6  mm 

167 

84% 

LS:  Lock  Stitch  ,  3D:  3D  Stitched  Textile 


Discussion 

Fig.4  shows  a  influence  of  stitch 
density  on  CAI  strength  at  Kevlar  and 
carbon  fiber  stitched  specimen.  It  appears 
that  the  effectiveness  of  the  stitching  on  CAI 
property  is  correlated  with  stitch  density 
irrespective  of  stitch  method  and  thread 
materials. 


Fig.4  Stitch  Density  vs.  CAI  Strength 


It  was  said  that  the  roles  of  the  stitch 
thread  in  CAI  test  were  to  prevent  the 
delamination  at  impact  and  to  arrest  the 
crack  propagation  at  residual  compression 
test.  The  damage  area  result  after  impact  test 
shows  the  delamination  prevention  effect. 
On  the  other  hand,  the  crack  arresting  effect 
is  shown  in  the  residual  compression  test 
results.  Fig.5  and  Fig.6  show  the  influence 
of  damage  area  on  residual  compression 
strength  of  lock  stitch  and  3D  textile 
specimen  respectively.  In  lock  stitch 
specimen  (Fig.5),  both  400  and  1600  denier 
thread  did  not  change  in  the  residual 
compression  strength.  In  this  study  case, 
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stitch  thread  size  had  no  significant  change 
effect  during  residual  compression  test.  In 
3D  textile  specimens  (Fig. 6),  3x3  mm 
pattern  specimen  showed  clearly  higher 
strength  than  6x6  mm  pattern. 


Fig.5  CAI  Strength  vs.  Damage  Area  for 
Kevlar  Lock  Stitched  Specimens 


Fig.6  CAI  Strength  vs.  Damage  Area  for 
3D  Textile  Specimens 
Stitched  with  Carbon  Fiber 


Conclusions 

1.  The  Stitching  was  much  effective  in  CAI 
property  in  some  stitch  parameter  case. 

2.  Because  the  damage  area  of  stitched 
specimen  spreads  along  the  stitch  direction, 
the  stitch  direction  is  important  for  parts 
design. 

3.  The  effectiveness  of  the  stitching  on  CAI 
property  was  correlated  with  its  stitch 
density  irrespective  of  stitch  method  and 


thread  materials. 

4.  The  increase  of  stitch  density  contributed 
the  degradation  of  damage  area  and  the 
arresting  of  crack  propagation.  However,  in 
this  study  case,  the  increase  of  stitch  thread 
size  did  not  affect  the  improvement  of  crack 
arresting. 
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Abstract 

In  the  development  of  HOPErX,  it  is 
strongly  required  for  the  ultra  short 
manufacturing  term  and  low  cost  fabrication. 
A  new  access  in  designing  and  trial 
manufacturing  has  been  achieved  so  that  the 
design  is  to  be  the  all-composite  structure 
whereas  the  aluminum  skin- stringer-  frame 
structure  has  been  the  ordinary. 

In  order  to  meet  these  requirements,  the  large 
monocoque  parts  for  minimizing  numbers  of 
parts,  the  non-autoclave  curing  technique 
with  low  temperature  resin,  and  all  bonding 
joint  structure  were  adopted.  This  paper 
presents  the  development  of  the  low  cost  and 
high  accuracy  large  lay-up  tool,  the  custom 
made  oven  and  the  affordable  structure, 
which  hold  the  keys  to  success  at  these 
adopted  points. 

Key  Words:  reentry  vehicle,  all-composite, 
honeycomb  sandwich  panel,  low  cost  and 


high  accuracy  large  tool,  bonding  joint 
structure,  non- autoclave  curing  technology. 

Introduction 

HOPE-X  is  a  Japanese  experimental 
reentry  vehicle  which  has  been  developed  by 
NAL  and  NASD  A.  It’s  about  13m  in  length, 
10m  in  width.  To  attain  the  low-cost, 
short-time  and  light  weight  manufacturing 
simultaneously,  the  HOPE-X  adopted  the  all 
composite  honeycomb  sandwich  panel 
structure  instead  of  the  aluminum 
skin-  stringer-  frame  structure,  and; 

(1) Large  monocoque  parts,  the  upper 
fuselage  and  the  lower  wing-body  that 
minimized  the  number  of  parts. 

(2)  Non- mechanical  fastener  and  all-bonding 
structure  was  required. 

In  general,  larger  composite  parts  and  the 
bonding  structure  do  not  lead  directly  to  a 
low-cost  manufacturing. 

Larger  composite  parts  need  large  facilities, 
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bonding  structure  requires  fabricating 
complex  bonding  flanges.  And  as  a  result, 
the  lay-up  tool  must  be  very  accurate. 

To  settle  these  problems,  the  following 
methods  had  been  used. 

1)  Low  temperature  curing  prepreg  with 
non-autoclave  manufacturing  method. 

2)  Bonding  joint  with  additional  wet  lay-up. 

3)  Postcuring  the  whole  body  freestanding 
after  all  parts  were  bonded  on  the  final  state. 
Fig.l  shows  the  structural  concept  of 
HOPE-X. 

The  low  cost  and  development  in  a  short  term 
is  not  easily  achieved  only  with  the  CFRP 
structure  instead  of  the  aluminum  structure. 
The  short-term  development  works  on  the 
low  cost.  The  compatibility  of  the  low  cost 
and  short-term  development  is  realized  by 
the  new  structural  design  and  the 
innovational  manufacturing  technology 
aiming  the  compatibility. 


Fig.l  Structural  Concept 


TOOL 

It  is  intended  to  reduce  the 
construction  cost  by  lessening  the  numbers  of 
parts,  so  that 

each  parts  are  unified  into  the  large-sized 
parts  and  consequently  the  tools  became 
large. 

“Large”  and  “high  accuracy”  are  contrary 
and  so  on  “low  cost”  and  “short  term 
development”.  As  the  low  temperature 
curing  was  adopted,  the  material  cost 


reduction  was  attempted  by  combining  the 
plywood  eggcrate  structure  &  strip-planking 
panel  and  the  FRP  face-sheet  as  the  hybrid 
material.  To  get  the  accuracy  of  the  shape, 
the  tools  were  divided  into  15  to  16  pieces, 
whose  module  were  sized  at  about  2  meters 
by  3  meters,  and  processed  with  the  CNC 
machine  at  the  mould  face  in  a  few 
millimeter  thick.  To  fix  the  modules,  the  steel 
anglepipc  would  be  used  Fixing  those 
modules  up  on  the  base  directly  leveled  from 
the  ground,  It  can  get  the  sufficient  accuracy 
as  a  whole  at  the  low  cost.  At  this  moment, 
the  heat  expansion  rate  of  the  ground  &  the 
steel  frame  base,  and  that  rate  of  plywood  & 
FRP  tool  are  not  same.  The  heat  expansion 
of  the  plywood  is  small  enough  to  ignore  but 
plywood  contracted  by  the  dryness  while 
being  kept  at  100  deg-C.  On  the  other  hand, 
heat  expansion  rate  of  FRP  layer  itself  in  the 
surface  of  tool  is  larger  than  that  of  the  CFRP 
fuselage  paneL  As  a  result,  expansion  rate 
balanced  the  FRP  layer  combined  from  glass 
fiber  and  carbon  fiber,  as  a  hybrid  layer,  to 
the  plywood’s  one.  This  alignment  kept  the 
fitness  of  the  fuselage  and  the  tool  under  3 
times  curing  of  the  sandwich  panel.  And 
after  curing,  at  the  steps  of  frame  set-up,  it 
could  be  preceded  to  an  assembly  jig.  It  is 
easy  to  set  the  frame,  because  the  cured  panel 
stayed  hold  on  the  tool  that  is  leveled. 


Fig.2  Lay-up  Tool  of  Upper  fuselage  part 
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Fig.4  Tool  of  the  wing-body  part 


Oven 


up  to  unify  the  inner  oven  temperature. 

This  oven  was  a  temporally  facility,  but 
being  optimized  to  the  shapes  of  the  parts  to 
be  formed  (upper-FUS  and  lower  W/body), 
its  quality  could  be  good  with  no  unevenness 
of  temperature. 

As  a  result,  the  variation  of  the  material 
temperature  during  cure  kept  within  ±  3 
deg-C  and  during  post- cure  ±2  deg-C  had 
been  realized. 


The  temporary  oven  was  built  for 
curing,  for  the  lay-up  tool  was  based  on  the 
ground.  This  oven  was  built  up  with  the 
heat-resisting  form  panel  on  the  truss  frame 
of  the  steel  angle  pipes.  The  form  panel  is  the 
form  material  of  the  phoenolic  resin,  which 
has  the  heatproof  capacity  more  than  200 
deg-C. 

These  materials  are  for  the  heat-resisting 
form  panel  for  general  construction  and  very 
cheap,  so  the  construction  cost  can  be  kept 
low. 

The  oven  was  built  exclusively  to  optimize 
the  shape  easily  for  the  upper  fuselage  and 
for  the  lower  wing-body. 

This  facility  also  works  as  clean  room  for 
lay-up,  and  lower  oven  was  used  two  times 
for  prepreg  curing  and  post  curing. 

The  hot  air  heater  with  the  kerosine  burner 
was  used  for  the  source  of  heat,  and  the 
additional  blowers  were  settled  to  improve 
the  heat  transmission  to  the  tool  and  the 
environment  of  inside  oven. 

At  the  post-curing  the  electric  heaters  were 
settled  for  supplying  enough  heat  and  making 


Fig.5  Bagging  of  upper  fuselage  part 
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Frame  /Longeron 

The  Frame/  Longeron  /  Lay-up  tool 
were  made  up  by  proceeding  the  NC 
machining  directly  to  the  ceramics  board. 
This  material  was  one  of  plaster  boards  made 
from  the  inorganic  xonolite  &  the 
grassfiber/resin,  developed  for  the  insulation 
panel  in  the  general  construction.  It  is 
inexpensive,  easy  to  do  machining  and  has 
good  accuracy  with  the  expansion  rate  about 
6  X  E-6.  The  detailed  frame  design  was 
promoted  parallel  with  the  fabrication  of 
outer  structure  so  that  the  period  shared  for 
tooling  was  quite  short.  And  the  bonding 
strength  required  the  maximum  thickness  of 
adhesion  less  than  1  millimeter. 

Simplifying  the  flange  shape  had  the 
important  influence  to  the  tool  making. 

Adding  the  wet- lay-up  had  a  big  effect  to  the 
bonding  strength  between  the  frame  and  the 
outer  body  and  it  was  up  to  50%  more  than 
the  simple  one- side  flange. 

The  effect  of  using  this  simple  flange 
reduced  the  cost  to  less  than  half  of  the  frame 
fabrication  even  including  the  tool  assembly 
cost. 


Fig.8  Bonding  with  additional  Wet-lay-up 


Fig.9  Frame  /Longeron  /Spar  Assembly 


Fig.  10  All  Composite  monocoquc 


Structure 


CONCLUSIONS 

On  the  HOPE-X  prototype 
construction  activity,  with  the  affordable 
structure  and  manufacturing  planning  driving 
at  a  low  cost,  the  easy- fabrication  was 
realized  without  huge  facilities. 

The  period  from  the  structural  design  to  the 
completion  was  1 5  months,  quite  short.  And 
the  manufacturing  cost  has  been  reduced  to 
almost  one  fifth  to  the  ordinary  aluminum 
structure  vehicle  and  what  is  more  the  20  % 
weight  reduction  has  been  achieved 
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Abstract 

Due  to  the  economic  pressure, 
perenniality  of  the  aeronautical  composite 
structures  will  be  ensured  if  they  tend  to  be 
as  affordable  as  metallic  ones. 

Various  directions  for  composite 
structures  cost  reduction  are  possible  :  the 
process,  the  material  cost,  the  part  design 
with  function  integration,  the  quality 
insurance,  the  maintenance,  the  material 
qualification,  the  certification. . . 

Purpose  of  this  paper  is  to  present 
an  overview  of  recent  researches 
performed  at  EADS  Corporate  Research 
Centers  (CRC)  in  the  field  of  low  cost 
composites  processes  and  materials.  Three 
main  items  will  be  addressed  : 

-new  thermoset  prepreg  presentations  for 

increased  productivity 

-integrated  resin  injection  processes  with 

advanced  textile  architectures 

-advanced  automated  thermoplastic 

composites 

Key  words  :  low  cost ,  CFRP  composites. 

Introduction 

Few  years  ago,  when  engineers 
designed  new  aeronautical  structural  parts, 
the  driver  was  mainly  technical 
performance.  Today,  due  to  strong 
competition,  cost  savings  have  become  a 


key  parameter  with  regard  to 
manufacturing  of  aerospace  structures.  In 
these  conditions,  the  present  high  costs  of 
CFRP  aircraft  components  are  a  handicap 
to  extend  their  field  of  applications  despite 
their  high  mechanical  performances.  High 
prices  of  present  composites  elements 
could  mainly  be  attributed  to  expensive 
raw  materials  and  time  consuming  low- 
automated  manufacturing  processes.  To 
overcome  these  problems,  various 
researches  are  underway  in  EADS  CRC. 
At  the  moment,  most  of  aeronautical  CFRP 
components  in  production  used  U.D.  or 
fabric  prepreg  technology  with  carbon 
fiber  and  epoxy  resins  materials.  First  part, 
of  this  paper  will  describe  investigated 
ways  to  reduce  costs  of  this  industrial 
prepreg  technology.  Second  part  will  be 
dedicated  to  alternative  emerging 
technologies  that  can  contribute  to  extend 
field  of  application  such  as  dry  textiles 
techniques  with  various  resin  injection 
possibilities  or  thermoplastic  technology 
that  will  be  cost  effective  if  running 
technological  developments  are  successful. 

New  thermoset  prepregs  for  increased 
productivity  of  industrial  composite  part 
manufacturing. 

Depending  on  the  industrial  process 
used,  a  first  approximation  for  a  carbon 
fiber  epoxy  resin  prepreg  composite 
component  gives  about  10%  of  the  final 
cost  for  the  quality  control  (NDT),  40%  of 
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the  total  cost  for  the  material  purchasing 
and  50%  of  the  total  cost  for  the 
manufacturing  task.  Consequently,  price 
reduction  of  raw  material  is  an  important 
parameter  for  global  reduction  cost  of  the 
component. 

Carbon  fibers  considerations 

The  most  important  technical 
aspect  that  contributes  to  reduce  the  price 
of  the  carbon  fibers  is  the  increase  of  the 
number  of  mono-filament  in  the  tow.  The 
first  example,  after  a  first  standardization 
in  1990’s,  was  the  replacement  of  an 
equilibrated  fabric  made  from  3K  carbon 
fibers  by  an  equilibrated  fabric  made  from 
6K  carbon  fibers.  Then,  the  price  of  the 
fabric  was  cut  down  by  a  factor  two.  In 
2000’s,  a  step  forward  was  achieved  with 
utilization  in  EADS  of  24K  carbon  fiber 
for  unidirectional  tape  with  acceptable 
compromise  on  the  mechanical  properties. 
Since  few  years  Mitsubishi  and  Toray 
made  developments  to  propose  heavy  tow 
fabrics  with  a  special  process  that  sprayed 
the  heavy  tow  filaments  to  be  capable  to 
produce  fabrics  under  400  g/m2.  The 
mechanical  properties  of  such  fabrics  are 
under  evaluation. 

The  price  reduction  has  to  be  confirmed, 
and  also  the  fact  that  the  mechanical 
performances  (Fig  1)  and  the  processability 
are  not  to  much  affect  with  these  new 
fabrics. 


Tensile  test  on  carbon  fibre  tow 


| _ Number  of  filament _ | 

Figl:  Carbon  fiber  performance  versus 
number  of  filament  of  tow. 


Autoclave  process  considerations 

From  a  process  aspect,  the 
utilization  of  an  autoclave  with  high 
temperature  and  long  time  of 
polymerization  is  also  very  expensive. 

The  high  temperature  is  expensive 
not  only  with  the  energy  required  to  heat 
the  autoclave,  but  also  with  the  necessity  to 
use  specific  tooling  capable  to  resist  to 
pressure  and  deformation  at  high 
temperature.  The  cost  of  a  composite  part 
tool  is  higher  if  the  complete 
polymerization  needs  to  be  performed  at 
180°C  (classical  epoxy  cure  temperature) 
compared  to  100°C.  If  Steel  tools  are 
absolutely  necessary  at  180°C,  low  cost 
composite  or  aluminum  tools  could  fulfill 
the  requirement  at  100°C. 

Based  on  the  previous  analysis,  resins  with 
low  manufacturing  temperature  have  been 
developed.  These  materials  could  be  cured 
in  autoclave  at  temperatures  under  100°C. 
To  achieve  acceptable  glass  transition 
temperature  a  post  curing  in  an  simple 
oven  out  of  the  mold  has  to  be  performed 
at  180°C  .This  allows  use  of  low  cost  tools 
for  autoclave  phase. 

The  cost  reduction  of  these  low 
temperature  manufacturing  materials  has 
to  be  assess  case  by  case  to  validate  the 
real  cost  benefit. 

Laying-up  considerations 

At  the  beginning  of  composite 
utilization,  structural  parts  where  made 
from  prepreg  by  hand  lay  up.  To  reduce  the 
cost  of  manufacturing,  automated  tape 
laying  up  machine  have  been  developed  to 
produce  large  structural  parts  with  a 
minimum  of  human  intervention.  The  main 
use  of  automated  tape  laying  machine 
where  to  produce  flat  panels. 

With  the  utilization  on  the  latest 
development  of  composite  materials  for 
high  loaded  structural  part,  the 
consequence  is  the  increase  of  the 
composite  thickness.  Today  composite  part 
could  achieve  50  mm  of  thickness.  With 
conventional  prepreg  (thickness  140  pm)  it 
takes  a  lot  of  time  to  lay  up  the  part.  A 
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solution  is  to  increase  the  prepreg 
thickness.  Some  first  tentative  has  been 
made  and  shows  a  limit  in  the  pre-preg 
thickness  of  about  230  pm  when  the 
prepreg  is  manufactured  with  conventional 
processes  [1].  To  go  over  230  pm  per  ply, 
prepreg  manufacturers  have  to  improve  or 
modify  the  pre-preg  manufacturing 
technique. 

An  innovative  way  has  been  proposed  with 
the  semipreg  technology  [2]  which  consist 
in  recovering  a  thick  dry  fiber  tape  with  a 
thick  resin  film.  The  impregnation  is  done 
during  the  autoclave  phase  with  special 
care  to  eliminate  all  the  air  inside  the 
material.  This  technology  could  be 
considered  as  very  closed  to  the  resin  film 
infusion  technique,  but  the  advantage  is  to 
manipulate  only  one  intermediate  product 
(resin  +  fiber).  This  new  technology  needs 
some  work  to  be  technically  validated  and 
also  need  some  economical  study  to  assess 
the  cost  reduction  that  could  be  achieved. 

Integrated  resin  injection  processes  with 
advanced  textile  architectures 

Advanced  preforms 

An  approach  to  partly  overcome 
economic  disadvantages  of  conventional 
prepreg  technology  is  the  use  of  textiles 
techniques  associated  with  various  resin 
injection  processes. 

Textiles  techniques  allows  the  processing 
of  dry  fibers  to  near  net  shape  preforms. 
EADS  CRC  has  accomplished  many 
investigations  on  various  techniques 
aiming  to  develop  automated 
manufacturing  processes  derived  from  the 
garment  industry  (weaving,  braiding,  warp 
knitting,  stitching..,)  to  allow  processing 
of  high  performance  fibers.  Particularly,  a 
specific  Braiding  device  has  been 
developed  to  generate  3-dimensionnally 
shape  section  with  variable  fiber 
orientations  during  the  braiding  and 
continuous  changes  in  profile  cross  section 
[3].  Regarding  stitching,  current  studies  at 
EADS  CRC  focus  on  the  optimization  of 
stitching  preforms  with  respect  to 


improved  damage  tolerance  and  automated 
attachment  process  using  robot  (  fig  2  ). 


Fig  2  :  One-side-stitching  robot  for 
preforms  assembly 

Specific  spray  aiming  to  stiffen  preform 
are  also  under  studies  in  order  to  facilitate 
handling  and  positioning  for  complex  3D 
Shape  (Fig  3). 


Fig  3  :  3D  shaped  stiffened  preform  for 
handling  using  specific  spray 

Integrated  Resin  injection  processes 

The  resin  transfer  moulding  (RTM), 
the  resin  film  infusion  (RFI)  or  the  liquid 
resin  infusion  (LRI)  could  be  considered  as 
low  cost  manufacturing  technologies  if  the 
design  of  the  component  contributes  to 
eliminate  or  reduce  number  of  sub 
elements  to  assemble  compared  to  a 
metallic  design.  To  obtain  an  acceptable 
cost  reduction  with  these  technologies,  it  is 
preferable  to  polymerize  the  resin  with  a 
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self  heating  mould  if  the  number  of  parts  to 
produce  is  high  enough.  Process  simulation 
is  also  a  key  parameter  to  reduce  costs  and 
time  to  develop  a  new  concept.  Modeling 
contributes  to  optimize  resin  injection 
parameters  and  mold  injection  holes.  A 
complete  resin  injection  integrated  process 
including  resin  permeability  measurement 
device,  process  simulation  ,  preform  and 
tooling  design  has  been  developed  in 
EADS  CRC  (fig  4).  Advanced  automated 
3D  textile  preforms  associated  with  resin 
injection  techniques  offer  also  clearly  the 
possibility  to  extend  field  of  composites 
applications  to  complex  3D  parts 
inaccessible  with  classical  prepreg 
technology. 


Fig  4:  Integrated  R.T.M  process  for  an 
helicopter  housing  demonstrator 


Advanced  automated  thermoplastic 
composites 

The  thermoplastic  materials  do  not 
need  specific  storage  conditions  like 
refrigeration  and  they  do  not  have  shelf  life 
limitation.  As  the  transformation  is 
reversible,  they  may  be  repaired  and 
recycled  Other  advantages  include 
damage  tolerance  resistance  [4],  solvent 
resistance,  very  good  behavior  to  hot  wet 
ageing  conditions  and  comply  with  current 
specification  concerning  fire,  smoke  and 
toxicity  requirements. 

Integrated  Stamping  process 


At  the  beginning  of  90’s,  a  lot  of 
researches  have  been  performed  to 
develop  cost  effective  process  like 
stamping  for  thermoplastic  advanced 
composites.  But  it  takes  more  efforts  than 
expected  to  understand  processability  of 
high  performance  thermoplastics  such  as 
C/Peek,  C/PPS,  C/PEI  and  to  admit  that 
heated  tooling  were  necessary  to  achieve 
required  quality.  The  stamping  technology 
with  thermoplastic  pre-consolidated 
laminates  (made  from  long  fibers  prepreg) 
is  nevertheless  an  interesting  innovative 
process  to  produce  specific  parts 
competitive  with  sheet  forming  metallic 
ones.  By  the  time  being,  EADS  CRC 
focuses  research  efforts  to  establish  an 
integrated  stamping  process  [5]  that  allows 
to  compute  optimized  initial  flat  shape  of 
stamped  elements,  to  control  thickness, 
fiber  angle  variations  and  to  correct 
spring  back  effects  (fig  5).  The  final  aim  is 
to  reduce  non  recurrent  costs  and  time  to 
develop  thermoplastic  sheet  forming 
elements. 


Fig  5:  Integrated  Thermoplastic 
stamping  process  for  a  rib  demonstrator 
(stamping  and  spring  back  simulation) 
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In  situ  consolidation  thermoplastic  tape 
laying  process :  a  cutting  edge  technology 
The  basis  of  continuous 
consolidation  is  to  perform  both  steps 
simultaneously  by  laying  up  the  material 
while  heating  it  at  the  proper  temperature 
with  a  gas  torch  and  applying  the  pressure 
by  mean  of  a  roller  (fig  6). 


Fig  6:  In  situ  consolidation  principle 

Due  to  high  potential  cost  and  cycle 
benefits,  a  common  research  project 
bringing  together  EADS,  Dassault 
Aviation  and  Eurocopter  has  been  started 
few  years  ago.  The  industrial  objective  is 
to  perform  a  one-phase  process  by  laying 
up  the  material  directly  on  the  substructure. 
The  tooling  is  specially  designed  to  be  able 
to  integrate  stringers  and  frames;  those  are 
previously  cut  and  formed  to  the  final 
shape  from  a  consolidated  plate.  The 
particular  properties  of  thermoplastics 
enable  the  welding  of  the  skin  to  the 
substructures  if  sufficient  heat  and  pressure 
is  available  while  placing  the  tape  [6]. 

The  first  manufacturing  feasibility  test 
shows  that  no  major  problems  occurred 
during  the  process  (fig  7). 


Fig  7  :  “In  situ  consolidation” 

thermoplastic  tape  laying  process  of  a 
fuselage  panel  demonstrator 

Geometrical  and  ultrasonic  controls 
revealed  an  encouraging  level  of  quality  of 


the  skin  and  of  the  welded  areas  between 
the  stringers  and  the  skin.  However  further 
improvement  is  needed  to  increase  the 
quality  level  and  optimize  the  process  on  a 
productivity  basis. 

Conclusion 

Due  to  their  high  specific 
mechanical  performances,  C.F.R.P  are  still 
a  source  of  weight  savings  regarding  some 
metallic  parts.  Nevertheless,  reduction  of 
global  costs  for  composite  elements  is  a 
condition  to  increase  composites  share  on 
aeronautical  structures.  In  order  to  lower 
global  composite  costs,  continuous 
research  efforts  are  performed  in  EADS 
CRC  in  three  main  directions  : 

-increase  productivity  of  existing  industrial 
thermoset  prepreg  manufacturing  line, 
-assess  potential  of  resin  injection 
processes  associated  with  advanced  textiles 
preforms 

-develop  cutting  edge  technology  such  as 
advanced  automated  thermoplastic 
composite  manufacturing 

references 

1.  J.  Cinquin  :  Proc.  of  NATO  RTA  Tech. 
Conf.,  MP-69-P-01  (2001),  Loen,  Norway. 

2.  A.  Mills.,  R.  Backhouse  :  Proc.  of  44th 
International  SAMPE  symposium.  P  2255- 
2267.(1999) 

3.  J.  Brandt  ,K.Drechsler,  J.Filsinger  : 

Proc.  of  NATO  RTA  Tech.  Conf.,  MP-69- 
P-17  (2001), Loen,  Norway. 

4.  D.Guedra-Degeorges,  M.C.  Lafarie- 
Frenot,  F.Touchard-  Composites  Science 
and  Technology,  n°881,  pp  15-24,  (1996) 

5.  A.  Ch6ruet,  D.  Soulat,  P.  Boisse,  E. 
Soccard,  S.  Maison-Le  Poec  :  Proc.  of  the 
4th  international  ESAFORM  conference 
on  material  forming,  A.M.  Habraken 
editor,  pp.  115-118  (2001) 

6.  D.Lang,  S.Barre,  C.Coiffier-Colas, 
H.Sibois  :  Proc.  of  NATO  RTA  Tech. 
Conf.,  MP-69-P-30  (2001),  Loen,  Norway. 


231 


Proceedings  of  7,h  Japan  International  SAMPE 
Symposium  £  Exhibition,  Nov.  13-16,  200 1 


Development  of 

Thermoplastic  Polyimide  (PIXA-MT3)  Composite 

Yoshiyuki  Honda,  Hiroyuki  Nakamura,  Takayuki  Kamiyama  and  Hirobumi  Tamura, 
Aerospace  Division,  Fuji  Heavy  Industries  Ltd., 

1-1-11,  Yonan,  Utsunomiya,  Tochigi  320-8564,  Japan 
E-mail:  HondaY @ uae.subaru-fhi.co.jp 

Shoji  Tamai,  Material  Science  Laboratory,  Mitsui  Chemicals,  Inc.,  580-32,  Nagaura, 
Sodegaura,  Chiba  299-0265,  Japan 

Yoshihiro  Endo,  Research  Laboratories,  Toho  Tenax  Co.,  Ltd.,  234  Kamitogari, 
Nagaizumi-cho,  Santo-gun,  Shizuoka  411-8720  ,  Japan 
Yosuke  Nagao,  Japan  Aircraft  Development  Corporation,  2-3  Toranomon  1-chome, 
Minato-ku,  Tokyo  105,  Japan 


Abstract 

Thermal  resistant,  light  weight  and 
low  cost  structure  of  composite  materials  are 
required  by  future  high  speed  commercial 
airplane  in  not  only  economic  aspect  but 
energy  saving  aspect.  Fuji  Heavy  Industries 
Ltd.  has  been  continuing  development  of 
carbon  fiber  (IM600)  /  thermoplastic 
polyimide  (PIXA  family)  composite  material 
with  Mitsui  Chemicals  Inc  (MCI),  and  Toho 
Tenax  Co.,  Ltd.  (THT)[1].  IM600/PIXA-M 
composite  material  is  excellent  in  impact 
and  heat  resistance,  and  has  potential  of  in- 
situ  consolidation  which  could  reduce 
manufacturing  cost  significantly.  However, 
it  is  known  that  PIXA-M  composite  has 
microcracks  after  solvent  exposure  such  as 
methyl  ethyl  ketone  (MEK)  soaking  with 
strain  or  thermal  cycling.  MCI  has 
developed  new  type  of  PIXA  family  resin; 
PIXA-MT3[2]  to  reduce  and  restrain 
microcrack  appearance.  Physical  properties 
of  PIXA-MT3  neat  resin  and  solvent 
resistance,  thermal  cycling  resistance, 


processability  including  secondary  forming 
of  IM600/PIXA-MT3  are  evaluated.  It  is 
suggested  that  IM600/PIXA-MT3  has  a 
microcrack  resistance  and  has  a  good 
processabillity. 

Key  Words:  Thermoplastic  Polyimide, 
Composite  Material 

Introduction 

MCI  has  developed  a  new  type  of 
PIXA  family  thermoplastic  polyimide  resin; 
PIXA-MT3[2].  IM600  /PIXA  family  resin 
composite  material  offers  possibility  of  light 
weight  structure  and  low  cost  manufacturing 
for  future  high  speed  commercial  airplane, 
because  it  has  a  higher  CAI  strength  than 
toughened  epoxy  resin  composite,  and  has  a 
possibility  of  low  cost  manufacturing  by  in- 
situ  consolidation.  Further,  it  has  thermal 
stability  over  180  °C.  However,  PIXA 
family  resin  (e.g.  PIXA-M)  composite 
material  has  problems  for  solvent  and 
thermal  cycle  resistance^, 4].  PIXA-M 
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composite  material  has  microcracks  after 
MEK  soaking  with  strain  or  thermal  cycle 
exposure.  Physical  properties  of  PIXA-MT3 
neat  resin  and  solvent  resistance,  thermal 
cycling  resistance  and  processability 
including  secondary  forming  of 
IM600/PIXA-MT3  are  evaluated. 

Experimental 

Physical  Properties  of  PIXA-MT3  Neat 
Resin 

PIXA-MT3  neat  resin  is  developed  to 
improve  thermal  and  microcrack  resistance. 
PIXA-MT3  has  cross  linking  in  the 
molecular  structures  in  order  to  restrain 
microcrack  appearance. 

PIXA-MT3  has  good  melt  flow 
properties  which  is  important  for  processing 
of  prepreg  and  laminate.  And  initial  melt 
viscosity  is  similar  to  that  of  PIXA-M. 
However,  PIXA-MT3  needs  to  be  annealed 
for  cross  linking. 

Solvent  Resistance  of  P1XA-MT3  Neat 
Resin 

Bending  test  specimens  of  PIX A-MT3 
neat  resin  and  PIXA-M  neat  resin  are 
fabricated  at  330  °C  for  150  minutes.  At  the 
beginning,  test  specimens  are  loaded  with 
strain  of  0.6  %  on  bending  jig.  And  then, 
these  are  soaked  in  MEK  with  bending  jig. 
As  the  test  result,  PIXA-MT3  has  no 
microcrack  after  the  soaking  for  24  hours. 
On  the  other  hand,  PIXA-M  has  microcracks 
after  the  soaking  for  15  minutes. 

Processability  of  1M600/PIXA-MT3 
Composite  Material 

Processability  of  IM600/PIXA-MT3 
composite  is  demonstrated  to  decide  on  a 
fabrication  condition.  Quasi-isotropic 
laminate  panel  of  PIXA-MT3  and  IM600 
carbon  fiber,  which  is  8  plies  and  300  mm 


by  300  mm,  is  fabricated  to  demonstrate 
processability.  Here,  unidirectional  prepreg 
of  IM600  carbon  fiber  and  PIXA-MT3  is 
developed  by  THT.  Internal  quality  of 
fabricated  IM600/PIXA-MT3  is  confirmed 
by  ultrasonic  testing  and  cross  section 
observation. 

It  is  confirmed  that  void  free 
IM600/PIXA-MT3  can  be  fabricated,  under 
the  following  condition; 

Consolidation  condition;  dwell  temp.: 
more  than  340  °C,  dwell  time:  10  min., 
pressure:  988  kPa  in  vacuum 
Annealing  condition;  dwell  temp.:  360  'C, 
dwell  time:  240  min.,  pressure:  more  than 
588  kPa  in  vacuum 

Further,  result  of  fabrication  at  390  "C,  120 
min,  981  kPa  in  vacuum  is  suggested  that 
consolidation  and  annealing  process  are 
accomplished  at  the  same  time. 

Solvent  Resistance  of  IM600/PIXA-MT3 
composite  Material 

IM600/PIXA-MT3  composite  panel  of 
quasi-isotropic  32  plies  is  fabricated.  At  the 
beginning,  fatigue  test  specimens  are  made 
from  the  panels,  and  arc  soaked  in  MEK  for 
10  days.  The  fatigue  test  specimens  are 
loaded  tension-tension  fatigue  up  to  20  x  105 
cycles  at  177  ”C.  The  fatigue  condition  is  as 
follows;  stress  ratio:  0.1,  frequency:  range  of 
8  to  10  Hz.  After  the  fatigue  test,  tensile  test 
specimens  and  cross  section  observational 
specimens  are  cut  off  from  the  specimens. 
Tensile  test  is  conducted  to  evaluate  residual 
strength  at  room  temperature.  And 
microcracks  per  width  in  observational 
specimens  are  counted  after  soaking. 

Result  of  solvent  resistance  test  is 
shown  in  Figure  1.  IM600/PIXA-MT3  has 
very  little  microcracks  after  20  x  105  fatigue 
cycles  even  if  it  is  soaked  in  MEK  for  10 
days.  On  the  contrary,  IM 600/P IX A-M  has 
some  microcracks  after  fatigue  whether  it  is 


234 


soaked  or  not.  However,  the  residual  tensile 
strength  of  IM600/PIXA-M  composite  is  not 
reduced  after  microcracking. 


MEK  Soaking 

□  Residual  Tensile  Strength 
-o-  Microcracks 
Non  MEK  Soaking 


IM600/PIXA-M 

Figure  1.  MEK  Resistance  Test  Results 

Thermal  cycle  Resistance  of  1M600/P1XA- 
MT3  composite 

Open  Hole  Compression  (OHC)  and 
cross  section  observational  test  specimens  of 
IM600/PIXA-MT3  which  are  quasi-isotropic 
32  plies  are  fabricated.  At  the  beginning, 
both  of  the  test  specimens  are  exposed  to 
thermal  cycles  between  177  "C  and  -54  "C. 
After  the  thermal  cycles,  the  OHC  test  is 


conducted  at  room  temperature.  And 
microcracks  per  width  in  observational 
specimens  are  counted  after  exposure. 

The  result  of  thermal  cycle  resistance 
test  is  shown  in  Figure  2.  IM600/PIXA-MT3 
has  no  microcrack  after  200  cycles  exposure. 
On  the  other  hand,  PIXA-M  has  microcracks 
after  thermal  cycles  exposure.  The 
microcracks  of  PIXA-M  increased  with 
thermal  cycle.  And  the  reduction  of  OHC 
strength  is  not  observed  for  each  materials. 


IM600/PIXA-MT3  IM600/PIXA-M 


EZZl  OHC  Strength  CZJ  OHC  Strength 
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Figure  2.  Thermal  Cycle  Resistance  Test 
Result 

Evaluation  of  Secondary  Forming 

Processability  of  IM600/PIXA-MT3 
composite  is  demonstrated  to  decide  on  a 
secondary  forming  condition  for  processing 
of  structure.  At  the  beginning,  IM600/PIXA- 
MT3  panels  are  laminated  to  quasi-isotropic 
24  plies  (about  3.2  mm  in  thickness)  and 
300  mm  in  length  by  150  mm  in  width.  And 
then,  four  panels  are  processed  after 
consolidation,  and  one  panel  is  processed 
after  annealing.  The  consolidation  condition 
is  340  °C  in  dwell  temp.,  10  minutes  in 
dwell  time,  988  kPa  in  pressure,  under 
vacuum.  And  the  annealing  condition  is  360 
°C  in  dwell  temp.,  240  minutes  in  dwell 
time,  988  kPa  in  pressure  under  vacuum.  In 
this  test,  all  fabricated  panels  are  pressed 
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using  angle  shape  jig,  which  has  92.75  *  in 
angle  and  3  mm  in  radius,  at  the  temperature 
range  from  300  “C  to  400  °C,  the  pressure 
range  from  294  kPa  to  981  kPa  for  10 
minutes. 

Secondary  formability  of  test 
specimen  after  consolidation  is  favorable  at 
over  320  °C  and  588  kPa.  However,  test 
specimen  after  annealing  has  wrinkles  at  the 
inner  surface  of  comer.  Further,  all  of  panels 
show  spring-in  after  secondary  forming. 
Cross  section  of  consolidated  panel  after 
secondary  forming  is  shown  in  Figure  3. 


Figure  3.  Cross  Section  of  Consolidated 
panel  after  Secondary  Forming 
(Secondary  Forming  Condition:  320  ‘C, 
588kPa,  lOmin. ) 

Conclusions 

1.  PIXA-MT3  neat  resin  which  is  modified 
from  PIXA-M,  has  enough  solvent 
resistance. 

2.  It  is  confirmed  that  IM600/PIXA-MT3 
shows  good  solvent  and  thermal  cycle 
resistance  compared  with  IM600/PIXA-M. 

3.  It  is  confirmed  that  void  free 
IM600/PIXA-MT3  can  be  fabricated,  under 
the  following  consolidation; 

Condition;  dwell  temp.:  more  than  340 
'C,  dwell  time:  10  min.,  pressure:  988 
kPa  in  vacuum 


Annealing;  dwell  temp.:  360  °C,  dwell 
time:  240  min.,  pressure:  more  than  588 
kPa  in  vacuum 

4.  It  is  confirmed  that  IM600/PIXA-MT3 
after  consolidation  can  be  secondary 
formed  under  the  following  condition; 
temperature:  over  300  °C,  pressure:  over 
588  kPa. 

Consequently,  it  has  confirmed  that 
IM600/PIXA-MT3  composite  has  a  good 
characteristics  after  environmental  exposure 
and  has  a  potential  to  be  applied  to  the  future 
high  speed  commercial  airplane. 
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Abstract 

The  widespread  use  of  the  CFRP 
(bismaleimide)  and  titanium  alloy  are 
expected  in  the  future  High  Speed  Transport 
Aircraft  main  wing  box  structure.  At  the 
assembly  of  different  parts  such  as  the  Ti 
spar  and  the  CFRP  skin,  one  shot  drilling 
and  fastening  to  the  different  parts  is 
difficult  due  to  the  different  drilling 
characteristics  for  each  material.  In  order  to 
achieve  significant  cost  reduction  comparing 
to  the  manual  assembly,  the  suitable  drill 
condition  and  the  fastening  process  should 
be  established.  Based  on  this  conditions,  the 
automatic  drilling  and  fastening  system  was 
developed  through  this  research.  This  system 
is  comprised  of  two  articulated  type  robots. 
One  robot  has  drill  end-effector  and  part  of 
fastening  function,  another  has  collar 
fastening  function.  These  end-effectors  have 
capability  to  drill  the  stacked  parts  with  in 
the  one  shot  process.  This  automatic  drilling 
and  fastening  process  for  the  stacked  parts 
and  its  quality  were  estimated. 

Key  Words:  Automatic,  Drilling,  Fastening, 
Robot. 


Introduction 

CFRP(bismaleimide)  and  titanium 
alloy  are  expected  as  candidate  materials 
of  the  main  wing  box  structure  for  High 
Speed  Transport  Aircraft.  While  the 
utilization  of  CFRP  are  expected  as  a  point 
of  the  weight  reduction,  titanium  alloy  are 
also  expected  for  the  parts  which  are  acted 
on  high  load  density  like  spars  or  ribs.  From 
the  viewpoint  of  assembly  technology,  it  is 
very  difficult  to  drill  stacked  materials  by 
hand  drill  operation,  specially  titanium  alloy 
and  CFRP  combination.  The  reason  of  that 
is  each  material  has  its  own  drilling 
characteristics  and  suitable  drilling 
conditions.  We  did  a  case  study  of  a  wing 
structure  like  spars  and  ribs  are  made  of 
titanium  alloy,  and  skins  are  made  of  CFRP, 
and  tried  to  drill  and  fasten  by  automatic 
system.  Fig.l  shows  the  example  of  main 
wing  structure  for  High  Speed  Aircraft. 
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Fig.l  Example  of  main  wing  structure 
for  High  Speed  Aircraft 


Fig.2  Comparison  of  the  assembling 
processes 


Necessity  of  automatic  drilling  and 
fastening  using  robot 

Fig.2  shows  the  comparison  of  the 
assembly  processes  between  the 
conventional  method  and  the  automated  one. 
Many  processes  are  required  in  the 
conventional  method  ,  such  as  drilling 
titanium  alloy  and  CFRP  separately,  reaming, 
and  countersinking,  to  maintain  hole  quality 
against  the  thick  CFRP  and  hard  materials 
like  titanium  alloy.  However,  in  the 
automated  system,  it  has  more  rigid  than 
manual  drilling  method,  and  it  can  change 
drilling  conditions  for  each  materials 
automatically.  So  we  will  be  able  to  drill  the 
stacked  parts  with  one  shot  process. 
Furthermore  we  will  be  able  to  reduce 
assembly  time  dramatically. 

And  we  adopted  articulated  type 
robots  for  the  platform.  The  equipment  cost 
is  lower  than  the  gantry  type  which  is  more 
popular  for  the  automated  system,  and  the 
articulated  type  robots  have  more  flexible 
movement  to  adapt  complex  parts. 


One  shot  drilling  Technology 

Development  of  special  drill 
First  we  examined  cutter  material,  on  the 
view  point  of  material  properties  of  drilling. 
There  arc  much  difference  between  CFRP 
and  titanium  alloy,  and  the  suitable  drill 
material  for  CFRP  is  PCD(PoIy  Crystal 
Diamond)  the  wearing  speed  of  the  cutter 
edge  is  very  fast  when  CFRP  is  drilled,  so 
the  hardest  material  like  PCD  is  suitable.  On 
the  other  hand  ,  PCD  cutter  is  easy  to  chip  in 
the  case  of  titanium  alloy.  So  we  selected  the 
carbide  material  for  a  one  shot  drill  which 
are  not  harder  than  PCD  but  has  more 
toughness.  Next  we  examined  drill  shape.  At 
this  study,  the  drill  direction  is  from  CFRP 
to  titanium  alloy  (Fig.3).  But  titanium  chips 
damage  the  CFRP  hole  quality  in  one  shot 
drilling  operation.  So  we  developed  special 
edge  type  drill  to  prevent  this  problem.  The 
developed  drill  is  shown  Fig.4. 

Drill  Direction 

bk==ci 


Fig.3  Drill  direction  of  one  shot 
drilling 


238 


Fig.4  Original  designed  drill  developed 
by  R&D 

Adjustment  of  drilling  conditions 
The  suitable  drilling  condition  is  adjusted  to 
each  CFRP  and  titanium  alloy.  For  example, 
high  speed  rotation  is  suitable  for  CFRP  to 
reduce  delamination  and  to  keep  surface 
smoothness.  But  for  titanium  alloy,  low 
speed  rotation  is  suitable  to  reduce  heating 
caused  by  drilling  operation.  The  drilling 
conditions  were  changed  automatically  for 
each  CFRP  and  titanium  alloy  to  do  one  shot 
drilling  operation. 

Development  of  automatic  drilling  and 
fastening  system 

The  outline  of  developed  system  is 
shown  in  Fig.5.  This  system  is  consisted  of 
two  articulated  type  robots.  One  robot  has  a 
drilling  and  fastener  pin  installation  end- 
effector  and  the  other  has  a  collar 
installation  end-effector.  The  functions  are 
as  follows. 


Drilling  and  Pin  installation  End-effector(Fig.6) 
ticulated  type  robot 


Collar  installation  End-effector(Fig.7) 


Fig.5  System  Outline 


Fig.6  Drilling  and  Pin  installation 
End-effector 


Fig.7  Collar  installation  End-effector 

Automatic  drilling  function 
A  drilling  end-effector  has  capability  to  drill 
the  stacked  parts  of  CFRP  and  titanium  alloy. 
We  used  articulated  type  robots  and  the 
rigidity  is  not  so  high,  so  we  used  drill  plate 
jig  to  absorb  the  high  thrust  power  when 
titanium  alloy  is  drilled.  Besides  we  set  up 
the  function  to  change  a  drilling  condition 
by  each  material  automatically,  and  cooling 
function  using  cold  air. 

Automatic  fastening  function 
An  operation  flow  of  automatic  fastening 
system  is  shown  Fig.8.  A  Hi-Lok  pin  is 
inserted  automatically  to  the  hole  by  the  pin 
installation  end-effector,  and  a  collar  is 
installed  by  the  collar  installation  end- 
effector  on  the  other  side  robot.  Clearance  of 
pin  fitting  condition  is  required  for  the 
stacked  parts  including  CFRP.  This  system 
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also  has  a  function  to  stop  rotating  a  Hi-Lok 
pin  when  a  collar  is  inserted  and  rotated. 
And  the  torque  is  monitored  and 
automatically  judged  to  twist  off  the  collar 
head  during  the  collar  rotation.  To  keep  the 
fastening  quality  we  adjusted  the  suitable 
condition  of  the  pin  insertion  speed  and 
collar  rotation  speed.  A  sample  part  fastened 
by  this  system  is  shown  Fig.9 


f  Feed  Hi-Lok  Pin  | 

I 

[  Insert  HbLok  Pin  ] 

[  Feed  Collar  ] 

[  Rotate  Collar  ] 

[  Break  off  Collar  ] 

Fig.8  Operation  Flow  of  Automatic 
Fastening 


continue  this  study  for  the  model  parts  of 
real  airframe  and  estimate  the  cost  data  in 
detail. 
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Fig.9  Sample  Part 
Conclusions 

In  conclusion,  we  developed 
automatic  drilling  and  fastening  technology, 
and  accomplished  the  improvement  of  the 
hole  quality  and  reduction  of  the  labor  cost. 
As  a  result  of  calculating  the  manufacturing 
time  compared  to  the  conventional  method, 
it  is  appeared  to  reduce  about  30%.  We  will 
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Abstract 

It  is  very  important  and  urgent  for  devel¬ 
opment  of  low  cost  manufacturing  technol¬ 
ogy  of  composite  materials  and  structures  to 
construct  the  design  database  included 
guidelines  and  references  to  proven  engi¬ 
neering  practices.  In  this  paper,  current  R&D 
activities  of  preparation  and  construction  of 
database  for  advanced  composite  materials 
and  structures  in  Japan  are  first  outlined  in 
the  field  of  aeronautics,  aerospace  and  power 
generator  technologies.  Secondly,  some  top¬ 
ics  are  briefly  introduced  by  focusing  on  the 
related  R&D  projects.  Finally,  future  pros¬ 
pects  are  addressed  for  academia,  industry 
and  government  partnerships. 

Key  Words:  Techno-infrastructure  for 
Composite  Materials  and  Structures,  Design 
Database,  Advanced  High  Temperature 
Composites 


Introduction 

Recently,  it  is  very  important  and  urgent  to 
construct  not  only  materials  database  but  also 
design  database  included  guidelines  and  ref¬ 
erences  to  proven  engineering  practices  for  a 
wide  use  of  advanced  composites  and  struc¬ 
tures  system.  Along  with  research  and  de¬ 
velopment  (R&D)  on  low-cost  manufactur¬ 


ing  technologies  of  composite  materials  and 
structures,  the  following  feasibility  studies 
have  been  done  on  preparing  and  construc¬ 
tion  of  the  design  databases  for  advanced 
high  temperature  structural  composite  mate¬ 
rials  [1]. 

-  High  temperature  polymer  matrix 
composites 

-  Continuous  fiber  reinforced  Ti-alloy 
matrix  composites 

-  Melt  growth  composites 

First  is  concerned  with  the  long-term  dura¬ 
bility  performance  focused  on  fatigue 
behavior  and  accelerated  testing  methodolo¬ 
gies  of  the  interesting  and  candidates  for  next 
generation  supersonic  civil  transportation. 
Second  is  low-cycle  fatigue  design  data¬ 
base  for  continuous  fiber  reinforced  Ti-alloy 
matrix  composites  (TMCs)  rotating  parts  in 
aircraft  engines,  such  as  impellers,  disks, 
integrally  bladed  rotors  or  bladed  disks,  and 
bladed  rings.  Third  are  generally  considered 
to  be  one  of  the  most  interesting  and  attrac¬ 
tive  as  the  ultra-high  temperature  structural 
materials. 

In  this  paper,  current  R&D  activities  of 
preparation  and  construction  of  database  for 
advanced  composite  materials  and  structures 
in  Japan  are  first  outlined  in  the  field  of 
aeronautics,  aerospace  and  power  generator 
technologies.  Secondly,  some  topics  are 
briefly  introduced  by  focusing  on  the  related 
R&D  projects.  Finally,  future  prospects  are 
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discussed  for  academia,  industry  and 
government  partnerships. 

High  Temperature  Polymer  Matrix 
Composites  (PMCs) 

One  of  critical  technological  issues  for  2nd 
Generation  Supersonic  Civil  Transport  is 
how  to  ensure  the  long-term  durability  and 
structural  integrity  of  advanced  high 
temperature  polymer  matrix  composite 
system.  This  research  has  been  conducted  in  a 
close  collaboration  with  evaluating  and  pre¬ 
dicting  long-term  durability  performance  of 
candidate  composite  materials  and  structures 
in  Japan  Supersonic  Research  Program  [2,3]. 

Relatively  little  information  is  available 
on  the  long-term  durability  performance  of 
high  temperature  thermosetting  and  thermo¬ 
plastic  polymer  matrix  composites,  such  as 
fatigue  and  creep  in  comparison  with 
conventional  epoxy  matrix  composites.  The 
following  researches  have  been  done  in 
order  to  finally  achieve  through  long-term 
and  short-term  tests  under  conditions 
simulating  flight  profile,  development  of  as¬ 
sociated  predictive  and  accelerated  test 
methods,  and  assessment  of  durability 
performances  for  design.  In  particular,  it  is 
very  important  for  the  development  of  asso¬ 
ciated  predictive  and  accelerated  test 
methods  to  investigate  in  details  damage  and 
failure  mechanisms. 

-  Influence  of  stress  ratio  and  the  related 
fatigue  failure  mode  transition  in  fully 
reversed,  tension-compression  open-hole 
fatigue  behavior 

-  High  temperature  open-hole  compressive 
fatigue  behavior 

-  Low-velocity  impact  damages  and 
post-impact  fatigue  behavior 

-  Moisture  absorption  effects  and  fatigue 
damage  tolerance  behavior 

-  Residual  open-hole  tension/compression 
strength  and  fatigue  behavior  after 
thermal  cycle  aging 

-  Thermo-mechanical  response  under  the 


simulated  SST  flight  cycles  and 
long-term  durability  analysis  and  data¬ 
base 


Fig.  1  R&D  plan  of  long-term  durability 
performance  for  high  temperature 
polymer  matrix  composites 


Ti-alloy  Matrix  Composites  (TMCs) 

Continuous  fiber  reinforced  metal  matrix 
composites  (MMCs)  have  been  researched 
and  developed  because  of  high  specific 
strength  and  high  temperature  capability  for 
the  past  twenty  years  and  fatigue  damage 
tolerance  behavior  have  also  been  charac¬ 
terized  on  the  basis  of  fracture  mechanics 
[4-7].  They  have  been  innovatively  applied  to 
various  high  temperature  structural  com¬ 
ponents  in  the  field  of  aeronautics,  aerospace 
and  power  generation  industries.  The  con¬ 
tinuous  fiber  partially  reinforced  Ti-alloy 
matrix  composite  rotor  bladed  ring  has  also 
been  successfully  fabricated  on  the  basis  of 
the  design  requirements  as  one  example  was 
shown  in  Fig.  2  [8-10].  However,  there  is  the 
limited  number  of  research  for  long-term 
durability  performance  at  practical  use  tem¬ 
perature  ranges  in  comparison  with  the  static 
strength  characteristics.  It  is  therefore  nec¬ 
essary  to  investigate  the  elevated  temperature 
fatigue  behavior  for  ensuring  structural 
integrity  of  MMCs  components. 

The  final  goal  of  this  research  is  to 
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construct  the  fatigue  damage  tolerance 
design  database.  It  is  also  necessary  to 
research  and  develop  the  materials  testing 
and  evaluation  method.  The  research  and 
developed  database  for  SCS-6/SP700 
consists  of  the  following  data.  Typical 
processing  methods,  low-cost  fabrication 
method  of  TMCs  bladed  rotors  and  life 
prediction  methods  are  also  included  in  this 
database. 

-  Mechanical  properties 

-  Thermal  properties 

-  Tensile  strength  at  elevated  temperature 

-  Measurements  of  residual  stresses 

-  High-cycle  fatigue  behavior 

-  Low-cycle  fatigue  behavior 

-  Thermo-mechanical  fatigue  behavior 

-  Thermal  cycling  test 

-  Influence  of  reinforcement  fiber  ends 

-  Creep  resistance 


YMMCs  bring  is  machined  from  MMC  ring 

YMMCs  position  in  the  clad  satisfy  the  design  requirement 


Fig.  2  Schematics  of  TMCs  rotor  bladed 
ring  and  its  fabricating  method 


Melt  Growth  Composites  (MGCs) 

Melt  growth  composite  (MGCs)  have 
many  potentialities  that  the  tensile  strength  is 
maintained  right  below  the  melting  point 
temperature,  increases  with  decreasing  of  a 
characteristic  dimension  of  the  network 
microstructure  without  the  reduction  of  creep 
resistance  and  plastically  deformed  at  ul¬ 
tra-high  temperature  ranges  [11].  Also,  there 


is  a  good  productivity  of  complex  structural 
components  as  compared  with  conventional 
sintered  engineering  ceramics.  Feasibility 
study  has  also  been  done  on  applying 
MGCs  to  ultra-high  temperature  components 
for  realization  of  ultra-high  efficient 
1700°C  class  non-cooled  TBC-free  gas  tur¬ 
bine  system  [12].  The  MGCs  are  still  now 
R&D  stage  and  the  database  also  focus  on  the 
processing  technology.  A  distinctive  feature 
of  this  database  is  to  cover  crystallographic 
analysis,  solidification  analysis  and  computer 
simulation  techniques  of  phase  diagram. 

-  Thermal  properties 

-  Chemical  properties 

-  Mechanical  properties 

Elastic  modulus 
Flexural  strength 
Creep  resistance 
Fracture  toughness 
Thermal  shock  resistance 
Fatigue  strength 
Environmental  effects 
Measurements  of  residual  stress 


Concluding  Remarks 

Current  R&D  status  of  construction  of  the 
design  database  for  advanced  structural 
composites  in  Japan  are  briefly  introduced.  It 
is  still  more  important  for  the  de- 
sign-by-analysis  age  to  prepare  and  construct 
the  materials  and  design  databases.  The  de¬ 
sign  database  has  to  be  prepared  for  a  wide 
practical  use  from  triangle  structural  design, 
manufacturing  and  applications  relationships 
points  of  view.  The  integrated  modeling  and 
simulation  technologies  play  an  important 
role  as  shown  in  Fig.  3.  Academia,  industry 
and  governments  partnerships  have  been 
strongly  expected  than  ever  before. 

The  materials  and  design  databases 
introduced  here  are  also  opened  to  the  public 
in  RIMCOF  internet  web  site. 
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Fig.  3  Schematics  of  triangle  structural 
design,  manufacturing  and 
applications  relationships 
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Abstract 

A  database  of  durability  and 
environmental  resistance  of  several 
carbon/epoxy  composites  and  adhesives  was 
established  under  Japan  government-fund.  In 
2000,  we  had  established  a  basic  database  of 
carbon/epoxy  composite  and  installed  in  a 
CD-ROM.  In  this  project,  some  materials 
and  properties  were  added  further  and  the 
database  was  expanded.  The  prototype 
online  database  system  was  also  studied. 

Key  Words:  Database,  Carbon/Epoxy 
composite,  Durability,  Environment 

1.  Introduction 

CFRP  material  have  high  specific 
modulus  and  strength,  and  good  fatigue  and 
corrosion  durability.  So  CFRP  is  beginning 
to  be  used  not  only  in  aircraft  field  but  also 
in  building  construction  field.  And  use  of 
CFRP  is  expected  to  increase  in  general 
industry  purpose.  In  these  situation, 
“  Establishment  of  Carbon/Epoxy  material 
properties  and  design  values”  project1  )3)  was 
carried  out  at  “  Establish  of  immediately 
effective  intelligent  foundation”  project  of 
Ministry  of  Economy,  Trade  and  Industry  to 
develop  the  industry  of  composite  materials. 
Three  problems  of  some  revealed  problems 
in  that  project  are  paid  attention  to;  (a) 
Expansion  of  materials,  (b)  Expansion  of 
design  data  (c)  Improvement  of  ease  of  use. 
“  Establishment  of  Carbon/Epoxy  material 


properties  and  design  values  on  durability 
and  environmental  resistant”  project  were 
carried  out2).  In  this  project,  research  of  user 
friendly  database  for  design  was  conducted 
by  collecting  data  on  strength,  durability,  and 
environmental  resistance  property  of  CFRP 
for  low  temperature  cure  and  adhesives  ,etc 
expected  to  be  developed  in  the  future. 

This  report  shows  that  the  summary 
of  selected  materials  for  database,  various 
test  items  in  charge  of  KHI,  and  database. 

2.  Material  selection  for  Database 

Several  CFRP  materials  showed  at 
table  2-1  are  selected  for  the  database 
according  to  conditions  as  follows; 

(a)  Carbon  Fiber  :  Modulus  235  GPa  class 
fiber  that  was  developed  recently  and  will 
be  major  products  probably. 

(b)  Prepreg:  Unidirectional  prepreg,  cloth 
prepreg,  and  stitching  cloth  for  RTM. 

(c)  Supplier :  Toray,  Toho-Rayon,  and 
Mitsubishi  Rayon  (  Major  suppliers  in 
Japan) 

(d)  Resin :  General  purpose  epoxy,  or 
epoxy  for  low  temperature  cure. 

(e)  Impregnation  :  2  method  of 

impregnation  ( Prepreg,  and  RTM) 

In  addition,  room  temperature  cure  epoxy 
adhesive  is  selected,  that  is  expected  to  be 
applied  to  adhesives  of  composite  structure  . 
Sumitomo  3M  DP-460  is  selected. 
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Table  2-1  Materials  for  database 


Material  Name 

The  way  to 

impregnate 

Company 

in  charec 

T700UP 

P3312G-I9 

T700GC 

Tape 

prcimpregnated 

MHI 

T700CP 

prcimpregnated 

MHI 

T700UR 

- 

Tape 

Toray 

R9803 

RT  M 

F  HI 

T700CR 

T700GC 

1 

UT500UP 

QUI35-197A 

Tape 

mu 

TR30UP 

Tape 

pH 

Tape 

#850 

prcimpregnated 

T70OUPA 

P3242G-19 

T700 

Tape 

prcimpregnated 

EH 

T700CRA 

- 

T700GC 

Fabric 

Toray 

TR-A31 

RT  M 

F  HI 

T700CRA  1 

■ 

T700GC+TR40 

Fabric  + 
Stitching  (6mm) 

Toray 

TR-A31 

RT  M 

F  HI 

T700CRA  2 

- 

T700GC+TR40 

Fabric  + 
Stitching  (3mm) 

Toray 

TR-A31 

RT  M 

F  HI 

T700CRA  3 

T700GC 

+Kcvlar 

Fabric  + 
Stitching  (3mm) 

Toray 

TR-A31 

RT  M 

F  HI 

3.  Test  item  and  summary 

Various  kinds  of  test  of 
Toho-Rayon  UT500UP  (  one  of  12 
materials  showed  in  table  2-1)  were 
conducted  in  KHI.  Basic  material  property 


showed  in  table  3-1  have  been  conducted  in 
the  previous  project.1)3) 

In  the  project  of  this  year,  durability  test  and 
environmental  resistance  tests  were 
conducted  and  added  to  database.  Details  of 
each  test  are  described  below. 


Table  3-1  Basic  material  property  test 


Test  Item 

Material  and 

coupon  properties 

Uncured  physical  properties 

Chemical  properties 

Cured  physical  properties 

Fire  resistant  property 

Mechanical  properties  of  lamina 

Mechanical  properties  of  laminate 

Fracture  toughness  properties 

Elements 

properties 

Fastener  joint  property 

Post  buckling  property  of  stiffened  panel 

CAI  property  of  stiffened  panel 
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Material  durability  tests  composite  laminate 

Durability  test  on  cyclic  load  was  (D  Fatigue  test  of  principal  structure 
conducted  to  confirm  that  structure  of  elements  of  practical  composite  parts, 

composite  material  have  enough  durability  ©Confirmation  test  of  fatigue  property  of 
to  use  it  for  a  long  term.  3  items  of  durability  typical  sub-component  structure 

test  is  performed  as  follows:  Details  of  conducted  durability  test  is 

©Basic  fatigue  property  test  of  general  showed  in  table  3-2. 

Table  3-2  Durability  test  item 


Environmental  resistant  test  environmental  effects.  So  environmental 

Composite  structure  is  required  to  resistant  test  of  composite  is  conducted  in 

keep  its  strength  and  stiffness  against  actual  order  to  get  properties  of  composite 
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materials  after  environmental  aging.  4  major 
environmental  factor  are  collected,  which 
possibly  effect  resin  property  of  composite, 
as  follows ; 

(a)  Effect  of  ultraviolet  rays  or  ozone 
environment 

(b)  Chemicals  which  is  possibly  into  contact 
with  composite  structure  during  aircraft 


operation. 

(c)  Thermal  cycling  which  possibly  operate 
composite  structure  during  aircraft 
operation 

(d)  Effect  of  nature  environment  cycle  of 
sunlight  and  rain 

Details  of  each  test  is  showed  in  table  3-3. 


Table  3-3  Environmental  resistant  test 


Test  hem 

Summary  of  test 

Environment  condition 

Test  parameter 

Ultraviolet  rays 

Open-hole  compression  test  and  observation  of  edge 
fracture  of  specimen  arc  conducted  after  aging 
specimens  in  ultraviolet  rays  environment  to  evaluate 
effects  of  environment  on  material  strength  property. 

•  Strength  of  ultraviolet  rays 

0.3  ~  0.4  W/m! 

■  Wavelength  340nm 

■  Aging  timc(250/500H) 

•  Painted /No  painted 

Ozone 

Open-hole  compression  test  and  observation  of  odge 
fracture  of  specimen  arc  conducted  alter  aging 
specimens  in  ozone  environment  to  evaluate  effects  of 
environment  on  material  strength  property. 

Ozone  concentration 

50±5ppm 

•  Aging  timc(250/500H) 

•  Painted /No  painted 

Chemicals 

(fuel,  solvent) 

Open-hole  compression  test  and  observation  of  edge 
fracture  of  specimen  arc  conducted  after  immersing 
specimens  in  chemicals  to  evaluate  effects  of 
environment  on  material  strength  property. 

fucl'sol  vcntl  ubrienti  ng  oil 

■  Aging  time  (500/1000H) 

•  Painted /No  painted 

Thermal  cycling 

Open-hole  compression  test  and  observation  of  edge 
fracture  of  specimen  arc  conducted  after  thermal 
cycling  of  specimens  to  evaluate  effects  of  thermal 
cycle  on  material  strength  property. 

■  Temperature: 

-54~82°C 

■  Number  of  cycle 
(1000/2000  times) 

Nature  environment 

cycling 

Open-hole  compression  test  and  observation  of  edge 
fracture  of  specimen  arc  conducted  after  nature 
environment  cycling  of  specimens  to  evaluate  effects 
of  nature  environment  on  material  strength  property. 

•  strength  of  ultraviolet  rays 

0.3-0.4  W/mJ 

•  Wavelength  340nm 

■  Temperature  60±3°C 

•  Humidity  50±4% 

•  Number  of  cycle 
(1000/2000  times) 

•  Painted /No  painted 

There  is  no  reduction  of  material 
property  of  UT500UP  on  environmental 
effects  in  table  3-3.  For  example,  results  of 
ultraviolet  rays  test  is  shown  in  figure3-l. 
This  picture  is  displayed  on  database 
software  (CD-ROM)  by  selecting  property 
type,  material  type,  and  environmental 
condition.  There  is  no  reduction  of  strength 
and  increase  of  cracks  of  specimen  edge 
after  500  hours  aging  under  the  stratosphere 
condition  (strength  of  ultraviolet  rays0.3~ 
0.4W/m2,  wavelength  340nm)  .  Hence, 
There  is  no  need  to  consider  reduction  of 
material  property  in  the  use  under  restriction 
of  this  test  parameter. 

As  this  example  is  showing,  material 
properties  under  various  kinds  of 
environmental  condition  are  collected  in  this 
database.  So  this  database  is  very  effective 


tool  for  getting  guidance  to  design  structures 
in  the  practical  environment  during 
operation. 


Figure  3-1  Test  result  of  ultraviolet  rays  aging  test 
(  Example  of  display  of  database  software 
:  material  data,  UT500UP,  ultraviolet) 
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4.  Composition  of  the  whole  of  database 

Composition  of  the  whole  of 
database  constructed  in  this  project  is 
showed  in  figure  4-1.  Composition  of 
database  of  the  previous  project  is  used,  and 
durability  and  environmental  resistance  data 
of  this  year  are  added  to  the  previous 
database  to  make  database  CD-ROM  in  this 
project.  In  addition,  on-line  type  database  , 
which  is  usable  on  the  internet  web,  has  been 


made  in  this  project. 

In  this  database,  not  only  design  data  and 
raw  data  of  test  results  but  also  another 
important  information  for  design  is 
mentioned,  that  is,  “  explanation”  (the  way 
to  use  database  software,  condition  of 
design,  and  so  on)  and  “  theoretical 
explanation”  (basic  information  of 
composite  materials,  theoretical  explanation, 
and  reference  books). 


Figure  4-1  Composition  of  the  whole  database 


5.  Conclusions 

Useful  data  of  various  materials  are 
obtained  by  cooperation  of  three  private 
enterprises  (KHI,  MHI,  FHI).  And 
CD-ROM  and  On-line  database  could  be 
constructed  by  cooperation  of  The  Japan 
research  institute  and  Doshisha  University. 
Increase  of  use  of  composite  materials  in  the 
general  industrial  world  is  expected  by 
utilizing  this  database  project  results. 
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Abstract 

To  confirm  the  usability  of  carbon- 
fiber-reinforced  plastic  (CFRP)  laminates  for 
thermally  loaded  machines,  we  investigated 
the  thermal  degradation  of  fatigue  strength  of 
CFRP  laminates.  We  evaluated  the  fatigue 
strength  under  interlaminar  shear  stress  of 
virgin  materials  and  degraded  materials.  Ot 
was  found  that  (i)  the  fatigue  strength  was 
reduced  with  increasing  degradation  time  and 
temperature  and  (ii)  the  reduction  ratio  of 
fatigue  strength  decrease  in  proportion  to  the 
logarithm  of  degradation  time  at  a  certain 
temperature.  We  then  estimated  the  relation 
between  temperature  and  degradation  time 
by  fitting  the  experimental  results  to  the 
Arrhenius  equation.  Using  this  relationship, 
we  predicted  the  reduction  in  fatigue  strength 
for  CFRP  laminates,  for  example  the 
predicted  fatigue  strength  of  CFRP  laminates 
would  reduce  by  10%  (i.e.,  a  fatigue  strengh 
reduction  ratio  of  0.9)  when  heated  at  401(3 
for  9x1 06  hours. 

Key  Words:  FRP,  Thermal  degradation, 
Fatigue  strength. 

Introduction 

Since  fiber-reinforced  plastic  (FRP) 
has  high  strength  but  low  density  compared 
with  steels,  FRP  laminates  are  used  in 
pressure  vessels,  transportation  systems,  etc. 
When  FRP  is  used  in  such  structures,  it  is 


exposed  to  a  degrading  environment,  such  as 
high  temperature,  high  humidity,  or  strong 
light,  as  well  as  mechanical  load  [1-3].  Such 
environmental  conditions  reduce  the  strength 
of  the  FRP.  Therefore,  It  is  therefore 
necessary  to  develop  a  degradation 
acceleration  test  that  can  estimate  in  a 
comparatively  short  time,  the  strength 
reduction  under  an  actual  working 
environment  for  the  working  life  of  the 
product. 

With  the  aim  of  developing  this  test, 
we  used  carbon  FRP  (CFRP)  laminates  to 
study  the  thermal  degradation  of  fatigue 
strength.  We  measured  the  thermal 
degradation  of  fatigue  strength  under 
interlaminar  shear  stress.  Fatigue  tests  were 
performed  on  virgin  CFRP  laminates  and 
several  thermally  degraded  CFRP  laminates. 
We  applied  the  Arrhenius  equation  to  the 
measured  fatigue  strength  in  order  to 
determine  the  relation  between  temperature 
and  time.  We  then  used  this  relation  to  predict 
the  thermal  degradation  of  fatigue  strength  of 
CFRP  laminates. 

Dimension  of  test  piece  and  fatigue  test 
method 

The  test  piece  configuration  for  the 
fatigue  test  is  schematically  shown  in  Fig.  1. 
The  CFRP  laminates  consist  of  a  type  of 
PAN  carbon  fiber  and  epoxy  resin,  and  the 
laminate  configuration  comprises  quasi¬ 
isotropic  laminates  [+45/0/-45/90]4S.  The 
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glass  transition  temperature,  Tg,  of  the  epoxy 
resin  is  about  12013.  And  the  fiber  volume 
fraction  of  each  CFRP  laminates — measured 
by  the  specific  weight  method — is 
approximately  60%. 

We  used  Standard  Test  Method  for 
Apparent  Interlaminar  Shear  Strength  of 
Composites  (ASTM  D2344)  for  the  fatigue 
tests.  The  ends  of  the  test  piece  rest  on  two 
supports,  the  load  being  applied  by  means  of 
a  loading  nose  directly  centered  at  the 
midpoint  of  the  test  piece.  Stress  ratio  R  was 
0.01  and  loading  frequency  was  4 — 10  Hz. 


CFRP  consists  of  carbon  fiber  and  a 
matrix.  It  is  predicted  that  the  material 
properties  of  carbon  fiber  do  not  degrade 
much  at  high  temperature.  It  is  therefore 
conceivable  that  the  thermal  degradation  of 
CFRP  laminates  is  caused  by  the  thermal 
degradation  of  the  matrix.  The  matrix 
consists  of  polymeric  materials,  so  it  is 
assumed  that  the  thermal  degradation  of  such 
materials  is  a  kind  of  chemical  reaction. 
According  to  this  assumption,  the 
relationship  between  degradation  time  and 
degradation  temperature  is  given  by  the 
Arrhenius  equation  as  [4-6], 


X  - 


Q.75F 

tW 


(+45°  /0°  /”45°  /90°  )4S 

Fig.  1  Dimensions  of  Test  piece  for  fatigue 
test 


Testing  method  for  thermal  degradation 
of  fatigue  strength 

First,  we  fatigue-tested  CFRP 
laminates  before  degradation  (virgin  rings)  at 
room  temperature.  Next,  to  accelerate 
thermal  degradation,  some  test  pieces  were 
heated  to  some  higher  temperature.  Aging 
conditions  are  listed  in  Table  1.  We  fatigue- 
tested  the  degraded  test  pieces  at  room 
temperature  in  the  same  way  as  the  virgin  test 
pieces.  Then  we  evaluated  the  reduction  of 
fatigue  strength  of  the  degraded  test  pieces. 


Table  1  Degradation  conditions 


Degradation 
temperature  (°C) 

Degradation  time 
(hours) 

85 

200,  1340,  2600,  5200 

100 

200 

115 

200, 500,  1340,  2600, 

5200 

,  Ea  1  , 

In  t  = - \-  A  , 

R  T 


(1) 


where,  T  is  degradation  temperature 
(absolute  temperature),  t  is  degradation  time, 
Ea  is  activation  energy,  R  is  gas  constant,  and 
A  is  a  constant  representing  the  reduction 
ratio  of  fatigue  strength.  By  extrapolating  the 
linear  relationship  between  In  t  and  1/T,  it  is 
possible  to  predict  the  strength  reduction 
after  a  specified  lifetime. 

We  also  assume  that  thermal 
degradation  is  independent  of  fatigue 
behavior  under  mechanical  load.  We  thus 
think  that  the  chemical  reaction  of  the  matrix 
is  not  accelerated  by  mechanical  load.  So  we 
evaluated  thermal  degradation  and  fatigue 
strength  separately. 

Results 


The  measured  fatigue  strength  of  the 
virgin  material  at  room  temperature  is  shown 
in  Fig.  2.  The  horizontal  axis  is  the  logarithm 
of  the  number  of  cycles  to  failure  and  the 
vertical  axis  is  the  stress  amplitude  calculated 
by  using  the  equation  shown  in  Fig.  1.  The 
Figure  shows  a  linear  relation  between  the 
logarithm  of  the  number  of  cycles  to  failure 
and  stress  amplitude  in  the  range  of  10M06 
cycles. 

The  fatigue  test  results  of  test  pieces 
degraded  under  the  conditions  listed  in  Table 
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1  are  shown  in  Figs.  2  and  3.  The  reduction 
ratio  of  fatigue  strength,  D,  is  obtained  by 
dividing  the  fatigue  strength  of  the  degraded 
material  by  the  fatigue  strength  of  the  virgin 
material.  The  relationship  between  the  D  and 
degradation  time,  t,  at  each  degradation 
temperature,  T,  is  shown  in  Fig.  4.  This 
figure  shows  that  the  reduction  ratio  of 
fatigue  strength,  D,  reduces  in  proportion  to 
logarithm  of  degradation  time  t.  From  this 
graph,  the  degradation  times  at  a  certain 
reduction  ratio  can  be  read  off  at  each 
degradation  temperature,  and  these  times  are 
plotted  against  temperature  in  Fig.  5.  The 
horizontal  axis  is  the  reciprocal  of  the 
degradation  temperature  and  the  vertical  axis 
is  the  degradation  time.  This  figure  shows 
that  the  degradation  time,  t,  at  each  reduction 
ratio  (0.95,0.9  or  0.85)  is  proportional  to  the 
reciprocal  of  degradation  temperature,  1/T. 
We  thus  consider  thermal  degradation  is  not 
accelerated  by  mechanical  load.  And 
extrapolating  these  linear  relations  predicts 
that  the  fatigue  strength  will  reduce  to  a  ratio 
of  0.9  under  a  working  temperature  of  40O 
after  9  X  106  hours.  It  is  thus  possible  to 
evaluate  the  degradation  of  fatigue  strength 
under  any  temperature  and  after  any  time  by 
this  acceleration  test  method. 


Number  of  cycles  to  failure,  Nf  (cycles) 


Fig.  2  Fatigue  strength  after  thermal 
degradation  (850) 


It  should  be  noted  that  in  this  study 
we  assumed  thermal  degradation  is  not 
influenced  by  mechanical  load.  But  it  is 
conceivable  that  thermal  degradation  is 
accelerated  by  mechanical  load.  This  subject 
remains  for  future  work. 


Number  of  cycles  to  failure,  Nf  (cycles) 


Fig.  3  Fatigue  strength  after  thermal 
degradations  (100*0  and  1150) 


Fig.  4  The  reduction  ratio  of  fatigue 
strength 
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3.5  3.3  3.1  2.9  2.7  2.5 

13°C  30°C  50°C  72°C  97°C  127°C 

1000/Degradation  temperature,  1000/T  (1/K) 

Fig.  5  Prediction  chart  for  fatigue  strength 
reduction  by  thermal  degradation 

Summary 


Application  of  Advanced  Composites  for 
Transportation  Systems  proposed  by  the 
Ministry  of  Economy,  Internal  Trade  and 
Industry  (METI)  of  Japan. 
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We  studied  the  thermal  degradation 
of  fatigue  strength  under  interlaminar  shear 
stress  of  quasi-isotropic  CFRP  laminates.  We 
fatigue-tested  virgin  CFRP  laminates  and 
several  thermally  degraded  CFRP  laminates, 
and  we  determined  the  relation  between 
temperature  and  time  by  using  the  Arrhenius 
equation.  Then  we  used  this  relation  to 
predict  the  thermal  degradation  in  a  shorter 
time  (several  thousand  hours)  than  working 
time.  The  main  results  of  our  study  can  be 
summarized  as  follows. 

•  The  reduction  ratio  of  fatigue  strength  for 
interlaminar  shear  stress  reduces  in 
proportion  to  logarithm  of  degradation  time  t. 

•  The  predicted  fatigue  strength  of  CFRP 
laminates  would  reduce  by  10%  (i.e.,  a 
fatigue  strength  reduction  ratio  of  0.9)  when 
heated  at  40 1)  for  9xl06  hours. 
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Abstract 

Two  new  cost  efficient  honeycomb 
materials  and  their  continuous  production 
processes  have  been  developed  at  the 
K.U.Leuven.  The  materials  and  production 
methods  enable  an  automated  in-line 
production  of  paper  and  polypropylene  (PP) 
based  honeycombs  for  automotive  sandwich 
panels  and  parts.  Furthermore,  the 
production  of  honeycombs  from  high 
performance  thermoplastics,  for  aircraft 
interior,  may  become  feasible  with  folded 
honeycombs.  The  production  concepts  and 
material  combinations  for  automotive  and 
aerospace  sandwich  parts  are  presented. 

Key  Words:  honeycomb,  core,  sandwich, 
continuous  production 

Introduction 

Two  groups  of  sandwich  core 
materials  can  be  distinguished,  the 
homogeneous  and  the  structured  cores. 
Homogeneous  core  materials,  especially 
polyurethane  foams,  are  widely  used  in  the 
automotive  industry.  Recently 

polypropylene  foams  have  become  a  better 
recyclable,  but  more  expensive  alternative  to 
polyurethane  foams.  For  thermoplastic 
aircraft  interior  parts  polyetherimide  (PEI) 
foam  cores  have  been  considered  because  of 


their  good  fire,  smoke  and  toxicity  (FST) 
properties. 


Fig.  1  Homogeneous  and  structured  core 
materials 


Honeycomb  core  materials  are  used 
in  aerospace  industries  since  many  decades 
as  the  preferred  core  material  for  buckling 
and  bending  sensitive  sandwich  panels  and 
structures.  In  automotive  applications, 
except  where  crash  energy  absorption  is  the 
main  function,  honeycombs  are  less  often 
used,  due  to  their  high  production  costs. 

The  packaging  industry,  on  the  other 
hand,  employs  already  cost  efficient  all 
thermoplastic  sandwich  materials,  e.g. 
extruded  double  wall  panels  [2]  or  sandwich 
panels  with  a  thermoformed  cup-shaped 
core  layer  [3,  4]  from  PP.  However,  those 
materials  have  generally  lower  mechanical 
properties  compared  to  a  sandwich  material 
with  a  hexagonal  honeycomb  core. 
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Honeycomb  Core  Production  Today 

The  main  reason  for  the  high  costs  of 
traditional  expanded  honeycomb  cores  is  the 
batch  like  production  process.  Honeycomb 
core  production  today  is  labor  intensive, 
discontinuous  and  not  in-line.  Most 
honeycomb  cores  are  adhesive  bonded 
expanded  cores  [1].  Low  cost  paper 
honeycombs  are  produced  with  the  same 
process,  shown  in  figure  2.  First,  glue  lines 
are  printed  on  flat  sheets.  Second,  a  stack  of 
many  sheets  is  made  and  the  glue  is  cured. 
In  the  third  phase,  slices  are  cut  from  these 
blocks.  Finally,  the  sheets  are  pulled  apart, 
thus  expanding  into  a  honeycomb  core. 


Fig.  2  Expansion  production  process  of 
conventional  honeycombs 


For  low  cost  applications  the  degree 
of  automation  has  exceeded  the  level 
reached  in  aerospace  honeycomb 
production.  However,  cell  size  and  core 
height  of  these  low  cost  paper  honeycombs 
are  usually  above  10  mm,  because  the 
expansion  process  step  in  conventional 
honeycomb  production  gets  more  difficult  at 
lower  cell  sizes.  A  second  production 
process  for  conventional  honeycombs  is  the 
corrugation  process. 


Fig.  3  Manual  production  of  corrugated 
cardboard  honeycomb  cores 


This  process  is  not  so  often  used  and 
more  expensive  due  to  the  handling 


operations  required  for  the  production  of  the 
block  and  the  more  difficult  cutting  from  the 
block.  However,  if  inexpensive  corrugated 
cardboard  sheets  are  used,  a  low  cost 
honeycomb  core  can  be  produced  with  the 
process  shown  in  figure  3.  The  increasing 
demand  for  low  cost  sandwich  core 
materials  and  their  advantageous  mechanical 
properties  have  stimulated  research  activities 
at  the  K.U.Leuven  to  reduce  the  production 
costs  of  honeycomb  cores,  produced  from 
paper  as  well  as  from  thermoplastic 
materials. 

Folded  Honeycomb  Sandwich  Cores 

In  the  framework  of  the  European 
research  projects  FoldHex-ThermHex- 
TorHex,  cost  efficient  honeycomb  materials 
and  their  continuous  production  processes 
have  been  developed  at  the  K.U.Leuven.  For 
the  production  of  those  patented,  so  called 
“folded”  honeycombs,  production 
technology  and  processes  of  the  packaging 
industry  are  used  [5,  6].  Within  a  two  year 
project  the  feasibility  of  two  core  versions 
has  been  proven:  the  TorHex  paper 
honeycomb  and  the  ThermHex  thermo¬ 
plastic  honeycomb.  These  folded  honey¬ 
combs  are  produced  from  one  continuous 
thermoplastic  sheet  or  from  corrugated 
cardboard  by  successive  in-line  operations. 
The  current  development  of  cost  efficient 
production  machinery  is  driven  by  the 
request  for  large  production  capacities  for 
applications  like  reusable  thermoplastic 
boxes  and  recyclable  cardboard  boxes. 

TorHex 

The  TorHex  paper  honeycomb  process  uses 
the  corrugated  cardboard  production 
technology  to  a  maximum  extent.  The  inner 
core  structure  is  a  honeycomb  with 
sinusoidal  corrugated  cell  walls  and  folded 
straight  reinforcing  cell  walls.  Figure  4 
shows  the  main  geometric  parameters  as 
well  as  a  TorHex  sample.  The  reinforcing 
folded  cell  walls  improve  the  shear 
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properties  in  the  machine  direction  (MD). 
They  can  carry  the  tension  forces  in  this 
direction  and  enable  a  fast  transport  of  the 
material  during  production. 


Fig.  4  Main  geometric  parameters  and 
view  onto  a  TorHex  sample 


The  principle  production  concept  is 
shown  in  Figure  5.  Compared  to  the 
production  of  single  flute  corrugated 
cardboard,  the  TorHex  honeycomb  process 
requires  additionally  a  lengthwise  slitting 
step  and  a  folding/tuming  process. 


Fig.  5  TorHex  paper  honeycomb  process 


It  is  expected  that  this  process  will 
be  not  much  more  expensive  than  the 
additional  corrugation  and  gluing  steps  for  a 
double  flute  corrugated  cardboard. 

ThermHex 

The  ThermHex  core,  the  thermoplastic 
folded  honeycomb  version,  has  hexagonal 
cells  and  closed  skin  strips,  which  allow  a 


fast  and  reliable  bonding  of  the  skins  onto 
the  core  without  an  additional  glue  layer. 


thermoplastic  foil 


ThermHex  sample  showing  the  process  from  one  PP  foil 


Fig.  6  ThermHex  production  process  for 
thermoplastic  honeycomb 

The  ThermHex  core  material  can  be 
produced  in  a  continuous  process  in  one 
production  line.  All  the  production  steps  can 
be  done  successively  by  rotational 
operations,  which  should  make  a  core 
production  speed  of  10  m/min  or  more 
possible.  Starting  from  one  endless 
thermoplastic  foil,  the  production  steps  are: 

1.  Forming  of  half-hexagonal  shape  by  deep 
drawing  or  by  vacuum  thermoforming 

2.  Folding  of  the  half-hexagonal  web  to 
build  the  honeycomb  core 

3.  Internal  bonding  of  the  honeycomb  core 
by  thermal  fusion 

4.  Lamination  of  thermoplastic  skins  onto 
the  honeycomb  core 

This  concept  has  proven  to  be  feasible  for 
different  types  of  thermoplastic  materials. 
Thermoplastic  folded  honeycomb  samples 
have  been  produced  from  PP,  PET,  PC,  PA 
and  PEI  foils. 

Honeycomb  Cores  in  Automotive  Parts 

In  modem  automobile  design, 
integrated  interior  parts  such  as  door  trim 
panels,  headliners  and  package  trays  have 
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multiple  functions  such  as  structural  support, 
acoustic  damping  and  water/dust  barrier. 
The  need  to  recycle  automotive  parts 
initiated  developments  of  monomaterial 
sandwiches  (all  PP  parts)  and  automotive 
interior  parts  with  a  high  content  natural  raw 
materials  such  as  flax,  hemp  or  sisal  fibers. 
Honeycomb  sandwich  construction  can  offer 
the  solution  to  several  of  these  demands. 
Figure  7  shows  a  schematic  view  of 
potential  applications. 


Fig.  7  Potential  automotive  sandwich 
applications 


To  increase  the  safety  in  case  of  a 
fire  accident,  non-flammable  high 
performance  thermoplastics  (e.g.  PEI)  could 
be  used.  With  a  PEI-ThermHex  core  all  PEI- 
sandwich  panels  could  be  produced  in  a  cost 
efficient  continuous  process.  Those  panels 
could  be  formed  to  complex  curved  parts 
using  a  hot  press. 

Conclusions 

The  folded  honeycomb  materials  and 
production  methods  developed  at 
K.U. Leuven  offer  a  cost  efficient  automated 
in-line  production  of  honeycombs.  The 
TorHex  concept  allows  the  production  of 
low  costs  paper  honeycombs  for  high 
volume  markets.  The  ThermHex  concept  is 
suitable  for  the  production  of  cost  efficient 
honeycombs  for  automotive  and  aerospace 
applications  as  well  as  for  other  markets. 
Additional  research  on  the  further 
processing  of  honeycomb  sandwich  panels 
to  complex  low  cost  sandwich  parts  is 
required. 


Honeycomb  Cores  in  Aircraft  Interior 


The  reduction  of  the  production  costs 
of  aircraft  interior  panels,  today  made  from 
expanded  phenol  coated  aramide  paper 
honeycombs,  is  desired. 


Fig.  8  Potential  applications  in  the 
aircraft  interior 
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Abstract 

Phenolic  resin  and  cyanate  ester  resin  were 
chosen  as  the  candidate  matrix  resins  in  view 
of  less-flammability  and  processability  for 
vacuum-assisted  Resin  Transfer  Molding 
(VaRTM). 

Less-flammabilities  of  phenolic  resin  and 
cyanate  ester  resin  were  quantitatively 
evaluated  by  cone  caloriemetry,  and  the 
relation  between  heat  release  rates 
determined  by  the  cone  caloriemetry  and  the 
materials  combustion  test  results  for  rolling 
stock  in  Japan  was  discussed. 

Improvements  in  less-flammability  and 
cure  ability  of  cyanate  ester  resin  were  also 
studied.  The  heat  release  rate  was  decreased 
with  the  addition  of  flame  retardants  into 
cyanate  ester  resin.  The  cure  ability  of 
cyanate  ester  resin  was  improved  with 
addition  of  catalysts.  A  sandwich-structured 
composite  panel  was  fabricated  using  the 
resin  by  VaRTM,  pre-cured  for  1  day  at  80 
degree  C  and  post-cured  for  2  hours  at  130 
degree  C. 

Key  Words:  less-flammability,  VaRTM, 
cyanate  ester,  railcar 

Introduction 

Technology  for  high  speed  and  mass 
volume  of  transportation  are  needed  as 
demand  for  carrying  power  of  transportation 


increases.  In  such  situation,  the  weight 
reduction  of  transport  is  the  important  subject 
to  make  efficient  use  of  energy  and  resource 
for  transportation.  Advanced  composite 
materials,  especially  polymer  matrix 
composites  are  preferred  materials 
responding  these  demands.  The  issue  is  to 
establish  the  practical  and  economical 
technology  of  fabricating  composite 
structure. 

From  the  above  point  of  view,  it  is 
studied  for  developing  fabrication  process 
technology  for  large  scale  composite 
structure  that  design  and  analytic  technology 
of  composite,  rapid  cure  cycle  process, 
matrix  resins  for  rolling  stock  structural 
materials,  flow  monitoring  and  evaluation 
technology  for  fabricated  composite. 

In  this  paper,  the  selection  of  candidate 
matrix  resins,  the  relation  between  heat 
release  rates  determined  by  the  cone 
calorimeter  and  the  materials  combustion  test 
results  for  rolling  stock  in  Japan  are 
described  and  discussed  for  developing 
matrix  resins  for  rolling  stock  structural 
materials.  Furthermore,  the  improvement  of 
less-flammability  and  cure  ability  of  cyanate 
ester  resin,  which  is  one  of  the  candidate 
matrix  resins,  are  also  described  and 
discussed. 
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Selection  of  matrix  resins 

Five  thermosetting  resins  (epoxy  resin, 
phenolic  resin,  benzoxazine  resin,  cyanate 
ester  resin  and  bismaleimide  resin)  were 
evaluated  on  mechanical  properties,  heat 
resistance,  processability  and 

less-flammability.  These  results  are  shown  in 
Table.  1. 


Table  1  Resin  properties  of  screened 
resins 


Mechanical 

property 

Heat 

Resistance 

Fabrication  friendly 
properly 

Less-flammability 

Elastic 

modulus 

(MPa) 

\0% 

Weight 

decrease 

temperature 

<*C) 

Weight 

decrease 

during 

Viscosity 
©  R.T. 

Materia) 
combustion  test 
for  railroad  coach 
(JAPAN) 

Epoxy  resin 

3.4 

348 

0.0 

o 

X 

Phenolic  rosin 

3.3 

460 

25.4 

o 

© 

Benzoxazine 

5.4 

348 

m 

X 

Cyanalc  ester 

3.0 

432 

0.4 

o 

O 

Bismaleimide 

4.1 

425 

4.5 

X 

~ 

—  could  not  evaluated 


As  the  result,  phenolic  resin  and  cyanate 
ester  resin  were  chosen  for  further  study  on 
rolling  stock  structural  materials. 

Phenolic  resin  has  good  heat  resistance 
and  less-flammability  that  was  classified 
“incombustible”  in  the  materials  combustion 
test  for  rolling  stock  in  JAPAN[1]. 
Furthermore,  phenolic  resin  can  be  cured  at 
low  temperature  such  as  25  degree  C. 

The  fabricated  composite  by  phenolic 
resin,  however,  contains  much  surface  pits 
and  internal  voids  due  to  water  by  the 
condensation  reaction,  that  would  deteriorate 
the  mechanical  properties.  Besides,  the  pot 
life  and  curing  time  of  phenolic  resin  should 
be  optimized  for  fabricating  the  large  scale 
composite  structure. 

Reduction  of  contained  voids  in  cured 
resin  and  optimization  of  cure  ability  is 
required  for  phenolic  resin. 

Cyanate  ester  resin  has  good  heat 
resistance,  mechanical  property  and  surface 
smoothness  of  the  fabricated  composite, 
because  no  low  molecular  weight  compounds 


arc  generated  during  curing.  The  relatively 
less-flammability  to  other  resins  is  also  the 
characteristic  of  cyanate  ester  resin.  However, 
the  less-flammability  should  be  improved  for 
the  application  of  cyanate  ester  resin  for 
rolling  stock  structural  material. 

High  temperature  such  as  230-250 
degree  C  is  needed  to  cure  cyanate  ester  resin. 
It  is  not  realistic  to  prepare  the  huge  and 
highly  heat-  resistant  mold  to  fabricate  large 
scale  composite  such  as  rolling  stock 
structure  from  an  economical  point  of  view. 
It  is  necessary  for  cynate  ester  resin  to 
improve  cure  ability  so  that  the  resin  can  be 
cured  below  100  degree  C.  This 
improvement  leads  big  advantage  of  cost- 
competitiveness  in  fabricating  composite  for 
VaRTM  because  hot  water  is  applicable  as 
heat  source  and  FRP  or  plaster  mold  can  be 
used. 

Improvements  of  less  flammability  and 
cure  ability  of  cyanate  ester  resin  were 
studied,  in  this  paper. 

The  determination  of  quantity  of  less- 
flammability  for  rollig  stock  structural 
materials 

The  material  combustion  test  for  rolling 
stock  in  JAPAN  that  classifies  less- 
flammability  is  qualitative  method.  The  most 
part  of  the  judgement  tends  to  depend  on 
sense  of  the  referee. 

In  this  study,  less-flammability  was 
evaluated  by  means  of  cone  calorimeter  to 
determine  less-flammability  qualitatively, 
quantitatively  and  objectively.  The  heat 
release  rate  (HRR)  is  the  quantitative 
parameter  obtained  by  cone  caloriemetry, 
that  is  reflected  the  easiness  of  expanding  of 
combustion  . 

As  a  result,  there  was  correlation 
between  the  judgement  of  less-flammability 
of  the  material  combustion  test  and  HRR. 
The  HRR  of  phenolic  resin  that  was  not 
flammable  in  the  material  combustion  test 
was  the  lowest  of  the  three  resins  (Fig.l).  On 
the  other  hand  the  HRR  of  epoxy  resin  that 
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didn’t  meet  requirement  of  less-flammability 
in  material  combustion  test  was  the  highest. 
It  was  found  that  the  HRR  became  lower, 
judgement  in  material  combustion  test 
showed  higher  level  of  less-flammability. 

Since  less-flammability  would  be 
evaluated  by  means  of  cone  calorimetry,  the 
level  of  the  HRR  of  phenolic  resin  was 
decided  as  the  target  in  improvement  of  less- 
flammability  of  cyanate  ester  resin. 


Fig.  1  Evaluation  of  heat  release  rate  by 
cone  caloriemetry 

Improvement  of  less-flammability  of 
cyanate  ester  resin 

The  method  of  addition  of  flame 
retardant  contained  halogen  monomer  is 
widely  used  in  order  to  improve  less- 
flammability.  While  combustion  of  these 
monomers,  however,  poisonous  gases  will  be 
generated.  In  this  research,  addition  of  flame 
retardants  without  halogen  compounds  was 
chosen  to  improve  of  less-flammability  of 
cyanate  ester  resin.  [2] 

Several  conventional  flame  retardants 
without  halogen  compounds  were  applied  to 
cyanate  ester  resin,  and  less-flammability 
was  evaluated  by  cone  calorimetry.  As  a 
result,  it  was  found  that  an  appropriate 
phosphoric  flame  retardant  enables  cyanate 
ester  resin  to  exhibit  almost  equivalent  HRR 
of  conventional  phenolic  resin.  It  also  has 
good  processability  from  the  view  point  of 
viscosity. 


Table  2  HRR  and  viscosity  of  modified 
cynate  ester  resin 


HRR 

viscosity* 

1 

| 

(mPa  *  s) 

unmodified 

1000 

84 

A]  additive 

430 

620 

Phosphoric  additive 

440 

50 

Boric  additive 

453 

78 

*  @25  degree  C 


Cyanate  ester  resin  generates  more 
smoke  during  burning  than  phenolic  resin. 
The  further  task  of  this  study  would  be 
reduction  of  quantity  of  smoke. 

Improvement  of  cure  ability  of  cyanate  ester 
resin 

Resin  modification  with  curing  catalysts. 

Curing  catalysts  for  cyanate  ester  was 
searched  and  applied,  referring  known 
literature.  [3]  The  exothermic  curves  are 
shown  in  Fig.2.  It  was  found  that  the  start 
temperature  of  exothermic  reaction  of 
cyanate  ester  resin  was  100  degree  C  or  less 
by  mixing  cyanate  ester  resin  with  an 
appropriate  organometalic  compound  and 
hydroxy  compoud  as  curing  catalyst.  In  the 
mean  time  that  of  unmodified  resin  was  210 
degree  C. 


Fig.  2  Exothermic  curve  of  cyanate  ester 
resins 

The  curing  test  of  the  modified  resin  at 
80  degree  C  was  performed.  The  results  are 
shown  in  Table.3.  It  was  found  that  this 
modified  resin  had  enough  mechanical 
strength  and  Tg  for  demolding  after 
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pre-curing  for  24  hours  at  80  degree  C. 
Furthermore,  higher  mechanical  strength  and 
Tg  were  obtained  by  post-curing  for  2  hours 
at  130  degree  C. 


Table  3  Properties  of  cured  resin 


Cure  condition 

A* 

B* 

Flexual  properties 

Modulus(GPa) 

3.8 

3.8 

Strength(MPa) 

30 

190 

Te  (degree  C) 

92 

167 

*:  80<Cx24hours 

**  :  StfC  x  24hours  + 1 30^  x2hours 

Model  test  of  fabricating  sandwich- 
structured  panel 

The  fabrication  of  sandwich-structured 
panel  was  examined  by  VaRTM  to  indicate 
the  potential  of  low  temperature  process 
using  the  modified  resin.  After  lamination  of 
preforms  and  injection  of  the  modified  resin, 
the  sandwich-structured  composite  panel  was 
easily  demolded  after  curing  for  24  hours  at 
80  degree  C.  The  sandwich-structured 
composite  panel  post-cured  for  2  hours  at 
130  degree  C  had  good  surface  quality  and 
had  no  obvious  void  and  crack. 


Fig.  3  sandwich-structured  composite 
panel  of  CF  fabric/Cyanate  ester  resin 

Conclusions 

Phenolic  resin  and  cyanate  ester  resin 
were  chosen  as  candidate  matrix  resins  for 
further  study  on  rolling  stock  structural 
materials. 

Modified  cyanate  ester  resin,  which 


exhibits  almost  equivalent  HRR  during  cure 
to  conventional  phenolic  resins  and  has  good 
processability,  was  developed  using  an 
appropriate  phosphoric  flame  retardant. 

It  was  found  that  cyanate  ester  resin 
with  an  appropriate  catalyst  could  be 
pre-cured  at  80  degree  C,  which  temperature 
is  low  enough  to  apply  a  low  cost  composite 
fabrication,  VaRTM. 
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Abstract 

In  order  to  manufacture  carbon  polyimide  at 
low  cost,  RTM  (Resin  Transfer  Molding) 
process  of  thermosetting  polyimide  has  been 
studied.  To  remove  methanol  and  water 
during  cure,  tooling  attached  with 
micro-porous  filter  and  curing  condition  have 
been  improved.  The  improved  process  has 
manufactured  void  free  laminate.  When 
transferring  polyimide  to  the  tool,  it  needs 
high  pressure.  There  occurred  the  waviness 
of  dry  cloth  around  the  transport  area.  To 
apply  open  mesh  for  the  transport  area,  the 
dry  cloth  waviness  problem  was  solved.  To 
establish  further  cost  reduction,  closed-RTM 
process,  which  is  no-vacuum  assist  and 
inflatable  mandrel,  has  been  studied.  It  is  not 
necessary  to  use  vacuum  pump  during 
transferring  polyimide  and  to  use  heat  press 
during  cure.  Then  the  process  has  established 
fifty  percent  cost  reduction  compared  with 
prepreg  lay-up  process. 

Key  Words:  RTM,  Polyimide, 

1.  Introduction 

For  the  prime  structure  of  a  future 
high-speed  aircraft,  lightweight  and  high 
temperature  composites  would  be  widely 
used.  Thermosetting  polyimide  is  one 
candidate  matrix  of  high  temperature 
material,  however  it  generates  methanol  and 


water  during  cure.  So  it  is  necessary  to 
remove  those  condensed  materials  from  the 
composites  during  cure,  otherwise  there 
would  be  void,  delaminating,  or  crack  in  the 
laminate.  Commonly  used  manufacturing 
process  of  thermosetting  polyimide  is 
prepreg-autoclave  method,  but  it  need  high 
labor  cost  for  material,  tool,  lay-up,  and 
curing  processes.  In  order  to  manufacture 
low  cost  carbon  polyimide  parts  we  selected 
RTM1^  process.  We  selected  PMR-152^  as 
polyimide  matrix  among  several  high 
temperature  polymers,  because  it  has  been 
used  as  industrial  parts  and  this  polyimide 
RTM  process  will  be  applicable  for  another 
polyimide  such  as  imide  oligomer  solution, 
another  thermosetting  or 

pseudo-thermoplastic  polyimide.  It  is 
difficult  to  manufacture  void  free  composites 
using  conventional  RTM3)  process.  To 
remove  methanol  and  water  from  polyimide, 
micro-porous  filter  was  used. 

This  report  describes  a  low  cost  RTM  for 
matrix  which  generate  condensed  material 
during  curing  or  consolidation  and  this 
process  would  be  used  not  only  PMR-15  but 
imide  oligomer,  pseudo-thermoplastic 
polyimide,  phenolic  resin  and  so  on. 

2.  Experimental 

2.1  Resin :  thermosetting  polyimide:  PMR-15 
methanol  solution  (Yokohama  Rubber  Co.,) 
was  prepared  from  three  monomer  reactants: 
nadic  anhydride  monomethyl  ester  (NE), 
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4,4'-methylene  dianiline  (MDA),  and  3,3', 
4,4’-benzophenone  tetracarboxylic 

anhydride  dimethylester  (BTDE) 

2.2  Fabric :  graphite  fiber:  Intermediate 
modulus  graphite  fabric  was  used  in  this 
study;  T800H  eight  harness  satin  fabric 
CL6649  (Toray  Corp.)  Stitch  fabric  was  also 
evaluated  in  this  study.  Its  specification  is  as 
follows; _ 


Fabric 

Eight  harness  satin  16  ply 

Fabric  Yarn 

T800HB-6K-40B 

Stitch  Yarn 

T900-1K 

Size 

300mm  x  300mm 

Stitch  Pitch 

Pitch:  5mm,  Width:  10mm 

Stitch  Type 

Modified  Lock  Stitch 

2.3  Tool :  Vacuum  assist  tool  is 

illustrated  in  Fig.  1.  A  micro-porous  filter  4) 
has  been  prepared  from 

PTFE(Polytetrafluoroethylene)  powder.  This 
powder  was  pressed,  and  then  RTFE  filter, 
which  contains  small  particle  size  (10-40 
micrometer),  was  prepared.  This 

micro-porous  filter  was  placed  in  the  RTM 
tool  cavity.  Methanol  and  water,  which  was 
generating  during  imidization,  removed 
through  the  filter  by  vacuum  and  imide 
oligomer  remains  in  graphite  fabrics. 


Sliding  platen 


Fig.l  polyimide  RTM  tool  for  flat  panel 


3.  Result  and  Discussion 

3.1  Polyimide  RTM  Process:  Micro-porous 
filter  has  been  suitable  to  remove  methanol 
and  water  from  a  composite,  but  at  1.4  MPa 
which  is  as  same  pressure  as  an  autoclave 
process,  there  remained  void  in  the  laminate 
and  its  inter  laminate  shear  strength  was 


lower  than  that  of  autoclave  cure.  Several 
RTM  pressure  tests  were  performed  and  we 
found  that  there  was  no  void  in  a  laminates 
and  its  inter  laminate  shear  strength  was  as 
same  or  higher  value  as  a  laminate 
manufactured  at  the  pressure  higher  than  2.7 
MPa.  Refer  fig.  2.  At  polyimide  RTM 
process  needs  higher  curing  pressure  than 
autoclave  because  of  it  is  high  viscosity. 


Fig.  2  RTM  pressure  vs.  ILSS 
3.2  Thick  laminate:  8-ply  laminate  panel 
was  fabricated  for  mechanical  property  tests 
and  16  ply  for  thick  laminates  evaluation.  For 
thick  laminate,  it  is  anxious  that  there  was 
void  because  of  degassing  difficulty.  At  4.1 
MPa  of  RTM  pressure,  there  was  no  void  in 
the  16  ply  laminates  and  PMR-15  resin  was 
fully  impregnated  in  the  fiber.  Refer  fig.  3. 


Fig.  3  RTM  pressure  comparison 
3.3  Stitch  fabric:  300mm  x  300mm  x  16  ply 
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of  stitch  fabric  were  evaluated  for  polyimide 
RTM  process.  There  was  no  void  in  the 
laminate  except  around  stitch  yarn.  There  are 
little  crack  stitch  yarn  only.  Where  stitch  yarn 
was  inserted,  there  is  some  room  where 
polyimide  resin  content  is  relatively  high 
compared  another  area.  At  relatively  resin 
rich  area,  there  happened  to  be  curing  stress 
and  it  generates  crack  in  the  laminate. 
Compressive  strength  of  stitch  fabric  was 
also  evaluated  in  matrix  comparison  with 
PMR-15  and  BMI.  The  compressive  strength 
of  both  matrix  are  similar,  that  is  PMR-15: 
564MPa  and  BMI:  572Mpa. 

3.4  T-shape  frame:  There  was  resin  leaking 
through  the  tool  illustrated  fig.  1.  T-shape 
parts  shall  be  pressured  both  side  of 
top-bottom  and  sides  simultaneously.  The 
tool  for  PMR-15  needs  both  function  of  slide 
and  seal.  Then  the  toll  was  improved  as  fig.4. 
The  tool  includes  tapered  block  and  O-ring. 


Fig.  4  Tool  for  T-shape  frame 
There  is  “spring-in”  at  the  point  of  web  and 
fringes.  Fig.  5  shows  the  angle  of  T-shape, 
that  is  89  degree  and  the  “spring-in”  is  1 
degree  as  similar  result  as  epoxy  prepreg. 
This  result  could  be  applied  to  RTM  tool 
design. 


Fig.  5  Spring-In  of  T-shape  frame 
3.5  Cylinder :  To  eliminate  resin  transfer 


pump,  to  simplify  the  polyimide  tool,  and  not 
to  use  autoclave  or  heat  press,  PTFE  solid 
mandrel,  open-mesh  cloth,  and  micro-porous 
filter  were  prepared  for  the  PMR-15  cylinder 
tool.  We  named  this  tool  as  “closed  -RTM” 
process.  PMR-15  methanol  solution  was 
transferred  by  vacuum  only  during 
imidization  stage  the  mandrel  inflates  by  heat, 
imidized  by-products  were  pushed  out 


Fig.  6  Cylindrical  parts 


3.6  Low  Cost  RTM  Evaluation:  PMR-15 
manufacturing  process  cost  was  compared 
with  prepreg  lay-up,  Pressure  RTM  and 
Closed-RTM.  Closed-RTM  process  does  not 
need  pressurized-machine,  it  is  established  to 
simplify  tool  and  labor  cost  of  dry  fiber 
setting,  resin  transferring  and  lay-up.  Further 
running  cost  of  cure  is  also  reducted.  We 
estimate  that  approximately  fifty  percent  cost 
reduction  is  established  as  for  curing,  layup, 
material  and  tooling  process. 


Manufacturing  process 


Fig.  7  Cost  comparison  RTM  vs  Lay-up 

4.  Conclusions 
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Polyimide  resin  has  inherent  difficult 
properties  that  is  1)  gas  generation  during 
imidization,  2)high  viscosity.  These 
difficulties  were  solved  by  the  following 
manufacuring  process:  1)  through 

micro-porous  filter  gas  is  removed  and 
oligomer  can  be  remained  in  the  composites  , 

2)open-mesh  dry  fiber  prevent  waviness  of 
polyimide  composites 
By  high  pressure  RTM  or  Closed-RTM, 
thick  laminates,  stitch  fabric  laminates  and 
cylindrical  parts  can  be  manufactured  with 
no  void  and  high  mechanical  properties. 

Low  cost  polyimide  RTM  process 
was  evaluated  as  fifty  percent  cost  reduction 
compared  with  autoclave  process. 

References 

1)  Krolewski,  Suwan:  34,h  SAMPE 
Symposium,  329(1989) 

2)  Serafini,  Tito  T.;Delvigs, Peter  and 
Lightsey  Geroge  R.:  J.  Apply.  Polym. 
Sci.,  16,  (4),  905(1972) 

3)  Doug  Wilson:  High  Performance 
Polymers,  3,  (2),  73(1991) 

4)  Soeda,  Yoshihiro,  et  al.,  28th  SAMPE 
Technical  Conference,  687(1996) 


266 


Proceedings  of  7th  Japan  International  SAMPE 
Symposium  §  Exhibition,  Nov.  13-16,  200 1 


Fatigue  Strength  Evaluation  of  FRP/Metal  Adhesive  Joints 
at  Low  Temperature 

Masaaki  Iwasa#  and  Toshio  Hatton# 

If :  Mechanical  Eng.  Res.  Lab.,  Hitachi,  Ltd. 

502  Kandatsu-machi,  Tsuchiura,  Ibaraki,  300-0013  Japan 
E-mai 1 :  iwasa@merl. hitachi . co.  jp 


Abstract 

The  fatigue  strength  of  two  types  of 
FRP/metal  adhesive  joints  at  low  temperature,  a 
double  lap  joint  and  an  embedded  joint,  was 
evaluated  analytically  and  experimentally.  First, 
the  stress  singularity  parameters  of  the 
delamination  edges  under  mechanical  and 
thermal  loadings  were  analyzed  by  FEM  for 
various  delamination  lengths.  The  delamination 
propagation  rate  of  the  double  lap  joint  was 
measured  under  mechanical  cyclic  loadings  at 
room  temperature.  Using  the  relationship 
between  the  measured  propagation  rates  and  the 
analyzed  ranges  of  stress  singularity  intensity, 
we  estimated  the  fatigue  strength  of  the 
embedded  joint,  the  estimated  fatigue  strength 
coincides  well  with  the  measured  one.  Second, 
we  developed  an  evaluation  method  that 
separates  the  effects  of  temperature  on  fatigue 
strength  into  the  effect  of  thermal  residual  stress 
and  the  effect  of  low  temperature. 

Key  Words:  Adhesive  joints,  Fatigue  strength, 
Stress  singularity,  Thermal  stress 

1.  Introduction 

We  are  now  developing  cryogenic  structures 
for  superconducting  magnets  such  as  those  used 
in  magnetic  resonance  imaging  (MRI).  Since 
these  structures  are  used  at  low  temperature, 
fiber  reinforced  plastics  (FRP),  which  has 
excellent  thermal  isolation  characteristics  and 
high  strength,  is  often  used,  for  example,  in 


FRP/metal  adhesive  joints.  If  these  adhesive 
structures  are  cooled,  thermal  residual  stresses 
occur  because  the  difference  between  the 
thermal  expansion  coefficients  of  FRP  and  metal 
is  large.  It  is  thus  essential  to  evaluate  the 
mechanical  cyclic  loadings  fatigue  strength 
under  thermal  residual  stresses  in  order  to 
evaluate  the  reliability  of  these  cryogenic 
structures. 

Strength  evaluation  methods  for  various 
adhesive  joints  at  room  temperature  are  based 
on  stress  analysis/0'*3*  However,  there  are  few 
studies  on  the  strength  of  adhesive  joints  at  low 
temperature.*4*  In  particular,  to  our  knowledge, 
there  are  no  evaluation  methods  for  the  fatigue 
strength  of  FRP/metal  adhesive  joints  at  low 
temperature.  Accordingly,  we  have  studied  two 
types  of  adhesive  joints  under  different  thermal 
residual  stresses  at  low  temperature,  and  we 
have  developed  a  fatigue  strength  evaluation 
method  based  on  three-dimensional  stress 
analysis  and  fatigue  testing. 

2.  Stress  Analysis  and  Stress  Singularity 
Analysis 

2. 1  Stress  singularity  parameters 

If  adhesive  structures  are  loaded,  the  stress 
fields  near  the  bonding  edge  are  under  stress 
singularity  condition.  The  stress  distribution  near 
the  bonding  edge  can  be  expressed  by  two  stress 
singularity  parameters,  H  and  2 ,  given  by  Eq. 

(5)  (6) 

a  =  H  /  rx  (1) 


267 


where  <r :  stress  (MPa) ,  H\  intensity  of  stress 
singularity,  r  distance  from  singular  point  (m)  , 
A  :order  of  stress  singularity 

These  stress  singularity  parameters  also 
apply  to  delamination  near  bonding  edge.  In  this 
study,  delamination  propagation  from  the 
bonding  edge  is  evaluated  by  using  stress 
singularity  parameters  of  Eq.  (1),  and  fatigue 
strength  is  evaluated  from  delamination 
propagation. 

2  • 2  Stress  analysis  method 

The  shape  and  sizes  of  the  tested  Alumina- 
fiber  reinforced  plastics  (Al20,FRP)/stainless 
steel  (SUS304)  adhesive  joints  are  shown  in 
Fig.  1.  A  double  lap  joint  is  shown  in  Fig.  1(a), 
and  an  embedded  joint  is  shown  in  Fig.  1(b). 
The  stress  analysis  was  carried  out  by  using  a 
quarter-cut  FEM  model  considering  the 
symmetry  of  the  adhesive  joint  and  the 
mechanical  anisotropy  of  the  FRP.  The  adhesive 
used  was  50-  ;x  m-thick  epoxy  resin.  The 
delamination  edge  was  divided  into  small 
meshes  and  the  minimum  mesh  size  was  0.002 
mm.  A  thermal  load  was  applied  to  cool  the 
adhesive  joint  from  room  temperature  (293  K) 
to  liquid-nitrogen  (LN2)  temperature  (77  K).  An 
axial  load,  producing  an  average  shear  stress  of 
2.9  MPa  without  delamination,  was  applied  to 
the  AhOjFRP  sectional  area. 

In  order  to  determine  the  delamination 
propagation  rate,  stress  analysis  in  the  case  of 
interface  delaminations  between  the  A1203FRP 
and  the  adhesive  was  carried  out.  Delamination 
lengths  were  1,5, 10, 15,  and  20  mm.  The  order 
of  die  stress  singularity  at  the  delamination  edge 
was  0.5,  and  the  intensity  of  stress  singularity 
was  calculated  from  the  FEM  stress  analysis 
results  by  fitting  them  to  Eq.  ( 1 ). 

2.3  Stress  analyses  results 

The  normal  stress  distributions  near  the 
delamination  edge  at  the  interface  between  the 
FRP  and  the  adhesive  in  the  double  lap  joint 
under  mechanical  loading  are  shown  in  Fig.  2. 
The  stress  distributions  can  be  expressed  by  the 
two  stress  singularity  parameters  given  in  Eq.  (1). 
The  normal  stress  at  the  interface  along  the  line 
A  ( see  in  set  Fig.  2  )  is  higher  than  that  along  the 


line  B  at  the  side  face. 

The  dependence  of  the  intensity  of  stress 
singularity  (  H  )  for  each  delamination  length 
(  a  )  is  shown  in  Fig.  3.  The  intensity  of  stress 
singularity  in  the  double  lap  joint  increases 
steadily,  on  the  other  hand,  the  intensity  of  stress 
singularity  in  the  embedded  joint  decreases  until 
the  delamination  length  is  about  5  mm  and 
becomes  constant  after  that.  It  is  therefore 
concluded  that  fatigue  strength  of  the  double  lap 
joint  is  determined  by  the  initiation  of 
delamination,  on  the  contrary,  that  of  the 
embedded  joint  is  detemiined  by  delamination 
arrest. 

Stress  analyses  of  the  double  lap  joint  and 
the  embedded  joint  at  a  dclamination  length  of 
5  mm  under  thermal  loadings  were  performed 
(double  lap  joint  :  Fig.  4,  embedded  joint  : 
Fig.  5  ).  It  is  shown  that  the  thermal  stress  in  the 
embedded  joint  is  2.6  times  higher  than  that  in 
the  double  lap  joint. 


(a)  Double  lap  joint 


Fig.  1  Shape  and  sizes  of  double  lap 
and  embedded  joints 


Fig.  2  Stress  distributions  near  delamination  edge 
of  double  lap  joint  under  mechanical 
loadings  {delamination  length :  5  mm) 
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Fig.  3  Intensity  of  stress  singularity  for 
each  delamination  length  ( r  n=2.9  MPa) 


Distance  from  delamination  edge  r  [m] 

Fig.  4  Stress  distributions  near  delamination  edge 
of  double  lap  joint  under  thermal  loadings 
(delamination  length :  5  mm) 


Fig5  Stress  distributions  near  delamination  edge 
of  embedded  joint  under  thermal  loadings 
(delamination  length :  5  mm) 

3.  Fatigue  Test 

3.1  Fatigue  test  method 
Fatigue  tests  on  Al2O3FRP/SUS304  adhesive 
joints  were  performed  at  room  temperature  and 
LN2  temperature  ( cyclic  loadings  speed  :  5Hz  ; 
sine  wave  pulsating  load  ( R=0 ). ) 


3.2  Fatigue  tests  results 

The  fatigue  tests  results  on  the  two  types  of 
adhesive  joints  are  shown  in  Fig.  6.  Shear  stress 
amplitude  r  a  was  calculated  by  dividing  axial 
load  amplitude  by  total  adherence  area  In  this 
figure,  the  fatigue  strength  of  the  embedded  joint 
is  higher  than  that  of  the  double  lap  joint. 

We  first  observed  the  delamination 
propagation  behavior  of  the  double  lap  joints. 
We  measured  the  delamination  length  at  each 
fatigue  cycle  by  using  crack  gauges  adhered 
near  the  bonding  edge.  We  then  calculated  the 
relationship  between  delamination  propagation 
rate  da/dN  and  the  range  of  normal  stress 
singularity  intensity  on  adhesive  face  AH.  The 
calculated  results  are  shown  in  Fig.  7.  The 
relationship  between  da/dN  and  A  H  is 
expressed  as  a  straight  line  from  AH  of  0.11 
to  0.26  MPa 4m  given  by  the  following 
equation: 


da/dN  =0. 36  (AH)8-5  (2) 

We  estimated  the  fatigue  limit  of  the 
embedded  joint  from  both  the  range  of  stress 
singularity  intensity  AHth  at  the  delamination 
propagation  limit  of  the  double  lap  joint  and  the 
intensity  of  stress  singularity  in  the  embedded 
joint  shown  in  Fig.  3.  And  this  estimated  fatigue 

limit  of  embedded  joint  (  r  w  )  is  3.5  MPa 
coincides  well  with  the  measured  rw  of  3.7 
MPa  as  shown  in  Fig.6.  Figure  shows  that  the 
fatigue  strengths  of  the  embedded  joint  at  LN2 
temperature  and  room  temperature  are  almost 
the  same.  On  the  other  hand,  fatigue  strength  of 
the  double  lap  joint  at  LN2  temperature  is  higher 
than  that  at  room  temperature. 

Figure  8  shows  the  relationship  between  the 
ratio  of  range  of  stress  singularity  intensity  under 
mechanical  cyclic  loadings  (AH)  and  mean 
stress  singularity  intensity  under  thermal 
loadings  or  mean  loadings  (Hm)  [  X-axis  ]  and 
range  of  stress  singularity  intensity  at  the 
delamination  propagation  limit  [  Y-axis  ]. 
Thermal  residual  stress  singularity  intensity  of 
the  embedded  joint  at  LN2  temperature  is  13 
times  higher  than  the  range  of  stress  singularity 
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intensity  of  the  fatigue  limit.  Thermal  residual 
stress  singularity  intensity  of  the  double  lap  joint 
at  LN2  temperature  is  4  times  higher  than  the 
range  of  stress  singularity  intensity  of  the  fatigue 
limit.  It  is  thus  concluded  from  the  figure  that 
fatigue  strength  of  an  adhesive  joint  depends  on 
adhesive  strength  dependence  on  temperature 
and  reduction  in  adhesive  strength  due  to  the 
existence  of  thermal  residual  stresses. 


Fig.  6  Results  of  fatigue  tests  on  adhesive  joints 

(R=0) 


propagation  rate  and  range  of  stress 
singularity  intensity  AH 
( R=0,  at  room  temp. ) 


Intensity  of  stress  singularity  ratio  rtn/AH 

Fig.  8  Thermal  stress  effect  on  fatigue  strength 


4.  Conclusions 

Stress  analyses  and  fatigue  tests  on  two  types  of 
adhesive  joints  (double  lap  joint  and  embedded 
joint)  were  performed  on  A120,FRP/SUS3Q4 
adhesive  joints  at  room  temperature  and  LN2 
temperature.  First,  the  relationship  between 
delamination  propagation  rate  and  range  of 
stress  singularity  intensity  was  measured  by 
delamination  propagation  tests  on  the  double  lap 
joints.  This  relationship  enabled  us  to  predict  the 
fatigue  limit  of  the  embedded  joint  at  room 
temperature.  And  it  was  found  that  this 
prediction  agrees  well  with  experimental  results. 
Second,  we  evaluated  the  fatigue  strength  of  the 
adhesive  joints  at  LN2  temperature  by  separating 
the  reduction  in  strength  due  to  the  existence  of 
thermal  residual  stress  and  the  intrinsic  increase 
in  adhesive  strength  at  LN2  temperature. 
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Abstract 

Thin  unlined  reusable  filament  wound 
composite  cryogenic  tanks  were  fabricated 
using  EnTec  5 -axis  filament  winder  and  sand 
mandrels.  These  pressure  vessels  were 
fabricated  with  IM7/977-2  graphite/epoxy 
material.  This  material  was  chosen  for  its 
resistance  to  micro  cracking  and  low 
permeability.  The  layup  used  was  12  plies 
of  90°,  +33°,  -33°  symmetrical  orientations. 
The  cured  tank  wall  thickness  was  measured 
to  be  2.13  mm.  The  weight  of  the  composite 
tank  without  the  metal  boss  was  4.08  kg. 
The  tanks  were  designed  to  burst  at  the 
pressure  of  12.41  MPa.  The  tanks  were 
successfully  tested  under  liquid  hydrogen 
(LH2)  and  liquid  oxygen  (LOX). 
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Introduction 

Over  the  past  50  years  of  space  flight, 
cryogenic  fueled  propulsion  systems  have 
been  frequently  used  to  power  launch 
vehicles.  The  initial  use  of  liquid  oxygen  as 
the  oxidizer  in  a  bi-propellant  system  goes 
back  to  the  Atlas  ICBM  and  launch  vehicle. 
The  initial  use  of  liquid  hydrogen  as  a  fuel 
was  in  the  1 960's  J2  engine  system  for 
Saturn  V  and  the  1970's  RL10  engine  for  the 
Centaur  upper  stage.  Later  developments  in 
the  1980's,  including  the  Space  Shuttle,  used 


liquid  oxygen  (LOX)  and  liquid  hydrogen 
(LH2).  The  cryogenic  fluids  for  all  of  these 
propulsion  systems  were  stored  in  insulated 
aluminum  alloy  tanks.  The  current  metallic 
technology  for  cryogenic  tanks  for  space 
launch  vehicles  has  not  changed  significantly 
since  the  days  of  the  multiple  stage  launch 
vehicles.  The  metal  tank  technology  results 
in  a  weight  increase  that  seriously  limits 
reusable  launch  vehicle  and  extended  launch 
vehicle  mission  capabilities.  In  all  cryogenic 
pressure  tank  applications,  either  a  fiberglass 
or  Kevlar  overwrap  composite  system 
utilizes  metal  liners  for  containment.  In  the 
1990’s,  mission  and  system  analyses  for  the 
reusable  vehicles  showed  that  not  only  are 
composite  cryogenic  tanks  the  technology  of 
choice,  but  also  they  are  mission  enabling. 
Therefore,  it  is  vital  to  eliminate  the  metallic 
liner  and  utilize  the  composite  system  as 
both  the  loads  carrying  structure  and  the 
cryogenic  fluid/vapor  containment  system. 
Since  large  cryogenic  propulsion  tank 
systems  are  nominally  a  low  pressure  system 
there  is  no  doubt  that  advanced  composite 
materials  will  be  structurally  sound  for  this 
application.  The  composite  materials  are 
now  available  which  could  substantially 
reduce  the  cryogenic  tank  to  launch  vehicle 
structure  mass  ratio.  The  use  of  composite 
material  will  potentially  reduce  the  weight 
and  cost  of  fabricating  the  tank  by  30% 
compared  to  current  methods  of  fabrication. 
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Technology  Development 

This  program  will  demonstrate  that 
composite  cryogenic  tanks  will  meet  the 
lightweight  and  low  cost  requirements  and 
survive  robust  operability  of  stringent  space 
environments.  To  date,  there  have  been  only 
limited  successes;  all  such  tanks  have  leaked 
at  the  composite  laminates  and  at  the  seals. 
The  first  critical  technology  challenge  is 
finding  a  suitable  composite  fiber/matrix 
system  that  is  impermeable  and  compatible 
with  cryogenic  fuel  systems.  The  second 
challenge  is  elimination  of  the  metallic  or 
plastic  liners.  The  third  challenge  is  to 
determine  the  composite  tank  manufacturing 
method  that  is  the  lowest  cost. 

The  past  composite  LH2  tank  efforts,  such 
as  the  Boeing  built  DC-X  tank,  were 
fabricated  in  two  halves  using  the  hand 
fabrication  method.1  The  two  halves  were 
later  joined  by  double  lap  shear.  This 
method  can  be  costly  and  unreliable  for  the 
fabrication  of  large  thin  tank  structures.  The 
X-33  LH2  tank  had  proposed  to  utilize  a 
metallic  liner  and  composite  fiber  placement 
method.  This  method  had  disadvantage  of 
not  having  fiber  tension  during  the  winding 
process.  The  metallic  liner  increases  the 
weight  and  causes  concern  for  delamination 
of  liner  material  during  extreme  temperature 
fluctuation.  Besides  the  thermal  expansion 
problem,  additional  technical  concern  for  the 
LOX  tank  involves  potential  for  the  chemical 
reaction  and  oxidation  of  the  composite 
matrix  system.  Advanced  composite 
materials  that  are  compatible  with  cryogenic 
fuel  and  resistant  to  microcracking  when 
exposed  to  harsh  and  cyclic  conditions  are 
being  explored. 

Air  Force  Research  Laboratory  (AFRL) 
had  successfully  utilized  a  building  block 
approach  to  expand  existing  technology  such 
as  that  from  the  NASP  program  for 
application  to  composite  cryogenic  tanks.  A 
suitable  material  for  the  cryogenic 


applications  was  identified.  The  coupon  size 
specimens  were  fabricated  for  the  material 
characterization  and  diffusion  testing.  Using 
the  NASA  supplied  san  mandrels,  two 
subscale  unlined  filament  wound  tanks  were 
simultaneously  fabricated  and  tested  to 
demonstrate  fabricability  and  structural 
integrity.  Upon  successful  results  from  the 
subscale  evaluations,  AFRL  demonstrated 
the  scaleability  of  the  concept  by  fabricating 
a  1.17  meter  diameter  unlined  filament 
wound  composite  tank. 

Material  Selection 

Selecting  an  appropriate  material  is  one 
the  most  critical  aspect  for  the  cryogenic 
propellant  application.  The  material  system 
must  meet  several  key  requirements  such  as 
low  permeability  rate,  resistance  to 
oxidation,  and  resistance  to  microcracking 
due  to  the  thermal  and  mechanical  cycling.2 
Thus,  the  matrix  is  more  critical  to  meet  this 
stringent  conditions.  The  evaluation  of 
several  materials  have  determined  that  two 
toughened  epoxy  resin  systems  have  shown 
good  characteristics  for  meeting  cryogenic 
applications:  Hexcel  Hercules  8552  and 
Cytec  Fiberite's  977-2.  The  IM7/977-2 
carbon  fiber/toughened  epoxy  prepreg 
material  system  was  chosen  due  to  strength, 
stiffness  advantages  and  past  handling 
experiences.  The  material  properties  were  re¬ 
evaluated  by  the  University  of  Dayton 
Research  Institute  and  were  compared  to 
manufacturer’s  existing  data. 


Fig.  1  Sand  Mandrel  and  Filament  Winder 
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Manufacturing  Method 

Two  45.72  cm  diameter  by  81.28  cm  long 
sand  mandrel  made  with  borosilicate  sand 
and  sodium  silicate  binder  were  provided  by 
NASA  Marshall  Space  Flight  Center.  The 
metallic  boss  closure  fittings  were  attached 
on  the  dome  section  of  the  mandrel  as  shown 
in  Figure  1. 


Fig.  2  First  Helical  (±33°)  Layup 


EnTec  5-axis  filament  winder  and  six 
spools  of  tow  prepreg  were  used.  Each  tow 
had  a  bandwidth  of  2.29  mm  and  a  thickness 
of  0.13  mm.  Each  tow  had  22.24  N  of  fiber 
tension  applied  during  the  winding  process. 
The  first  two  lay  ups  were  ±33"  helical 
patterns  as  shown  in  Figure  2.  A  layer  of  2.0 
mm  thick  film  resin  was  added  to  the  helical 
layers  to  ensure  adequate  resin  flow  and 
consolidation  during  the  cure  cycle.  Next 
three  layers  of  tape  prepreg  were  hand 
placed  on  the  dome  area  with  overlaps 
varying  from  63.5  mm  to  76.2  mm. 
Additional  resin  was  brushed  on  to  the  dome 
section.  Two  layers  of  hoops  were  then 
filament  wound  over  the  cylindrical  section 
followed  by  two  layers  of  helical  patterns  as 
shown  in  Figure  3.  Then  four  layers  of 
reinforcements  were  again  hand  placed  on  to 
the  dome  area  and  liberally  coated  with  the 
resin.  The  final  two  helical  patterns  were 
filament  wound  followed  by  two  hoop  layers 
on  the  cylindrical  section.  Total  of  twelve 
plies  were  filament  wound  and  seven  plies  of 
reinforcements  were  used  on  the  dome  area. 


The  filament  wound  composite  surfaces  at 
the  openings  did  not  have  an  adequate 
smoothness  to  provide  an  acceptable  sealing 
surface.  Therefore,  the  sealing  surface  was 
built  up  at  the  tanks  openings  with  additional 
strips  of  unidirectional  tape,  which  consisted 
of  0°  90°,  and  ±45°  orientations  and  widths 
varying  from  9.65  to  19.06  mm.  These  four 
tape  strips  were  placed  tangentially  onto  the 
sealing  surface  recess  of  the  aluminum  boss 
mold  tooling  starting  with  the  narrowest 
strips  and  building  up  to  the  widest.  Slurry 
of  dry  chopped  fibers  and  resin  was  mixed 
and  deposited  in  the  tooling  on  top  of  the 
strips.  Enough  slurry  was  added  to  assure 
complete  filling  of  the  sealing  area.  The 
aluminum  tools  were  than  attached  to  the 
sealing  surface  of  the  tank  openings  using 
ten  3/8-24  fasteners  torque  to  22.6  N/m. 


Fig.  3  Hoop  Winding  Over  the  Helical 


The  filament  wound  tank  was  vacuumed 
bagged.  The  bagging  materials  consisted  of 
perforated  release  film  (Airtech  A-4000), 
breather  cloth  (Airweave  N-10),  and  a 
bagging  film  (Stretchlon).  The  part  was 
autoclaved  with  177  °C  and  5.88  atm  cure 
temperature  and  pressure.  The  sand  mandrel 
and  the  cured  composite  tank  were  soaked 
with  warm  water  for  8  hours.  This  process 
dissolves  the  sand  binder  and  sand  was  then 
simply  washed  out  with  water  spray.  The 
tank  was  thoroughly  air-dried  and  interface 
seals  were  attached  at  each  end  of  the  tank. 
The  polar  interface  seal  consisted  of  an 
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external  Gortex  gasket  that  was  placed 
between  the  external  fitting  and  the  external 
tank  composite  surface.  The  Gortex  seal  was 
installed  by  bolt  clamping  pressure  of  20.68 
MPa  and  was  inelastically  compressed  to 
75%.  During  the  clamping  process,  the  seal 
is  forced  to  conform  to  the  mating  surfaces 
and  closed  all  potential  leak  paths.  The  total 
weight  of  the  tank  with  metallic  closure  and 
bosses  installed  was  24.95  kg.  The  weight 
without  the  metal  parts  was  4.08  kg. 

Conclusions 

Air  Force  Research  Laboratory  has 
successfully  fabricated  two  45.72  cm 
diameter  tanks  at  the  Applied  Composites 
Lab.  The  composite  tanks  were  filament 
wound  on  the  sand  mandrels  using  the 
graphite/epoxy  (IM7/977-2)  material  system. 
The  tanks  had  a  total  of  12  plies  of  various 
layup  orientations  [±33,  90].  The  wall 
thickness  was  measured  to  be  2.11  mm.  The 
dome/tangent  areas  were  build-up  using  the 
tape  reinforcements.  The  tanks  were 
autoclave  cured.  Of  the  two  fabricated 
tanks,  the  first  tank  was  tested  at  the  NASA 
Marshall  Space  Flight  Center  for  liquid 
hydrogen  permeability  as  shown  in  Figure  4. 


Fig.  4  Liquid  Hydrogen  Testing 


The  second  tank  was  tested  by  the  Boeing 
Company  for  liquid  oxygen  compatibility. 
Both  tanks  performed  very  well  with  the 
compatibility  and  permeability  issues 
without  any  problems.  The  propellant  tanks 
of  launch  vehicles  can  be  made  of  unlined 
composite  material,  which  will  provide 
considerable  weight  reduction.  AFRL  has 
since  fabricated  1.17  m  diameter  composite 
tank  and  all  composite  tank  weighing  6  Kg. 
Further  weight  reduction  can  be  realized  by 
filament  winding  and  E-beam  curing  method 
as  shown  in  Figure  5. 3  This  method  might 
be  ideal  for  future  expendable  and  reusable 
launch  vehicle  systems. 


Fig.  5  Comparison  of  Fabrication  Methods 
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Abstract 

The  National  Space  Development 
Agency  of  Japan  (NASDA)  is  conducting  a 
feasibility  study  of  applying  CFRP  to  the 
cryogenic  propellant  tank  of  a  reusable 
vehicle  system.  As  part  of  the  feasibility 
study  we  are  now  conducting  a  small  tank 
test  with  300mm  diameter  filament  winding 
(FW)  tanks.  The  first  phase  test  of  a  FW 
tank  was  conducted  in  1999.  The  tank 
surface  leaked  considerably  after  being 
chilled  down  to  LN2  temperature.  We 
analyzed  the  weak  points  of  the  first  series 
of  FW  tank  and  are  conducting  the  second 
phase  test  in  collaboration  with  Italian 
Aerospace  Research  Center  (CIRA).  The 
design  and  manufacturing  processes  were 
improved,  and  the  first  tank  produced  in 
collaboration  with  CIRA  was  completed. 
After  performing  a  helium  leak  test  to 
obtain  background  data,  we  conducted  a 
pressurization  test  with  the  first  tank.  At 
0.4Mpa,  leakage  occurred  along  the  large 
wrinkles  produced  in  the  curing  process. 
After  repair,  the  tank  was  used  for  water 
proof  testing  at  l.OMPa  and  strain  data  was 
obtained.  We  then  conducted  a  gas  pressure 
test  at  0.6MPa  to  identify  strain  data.  Finally 
a  1.5MPa  water  proof  test  was  conducted. 

Key  Words:  FW,  RLV,  water  proof  test 


Introduction 

Reusable  Launch  Vehicles 
(RLVs)  are  being  active  researched  and 
developed.  The  USA  is  starting  several 
programs  to  recover  from  the  failure  in 
developing  the  X-33,  and  Europe  is  starting 
FLTP  program  as  a  follow-on  to  the  FESTIP 
program.  Japan  is  focusing  R&D  for  RLVs 
on  TSTO  and  is  endeavoring  to  realize  the 
system  (see  Fig.  1).  A  lightweight  propellant 
tank  will  be  important  in  realizing  SSTO  or 
TSTO,  and  advanced  materials  should  be 
developed  to  replace  aluminum  alloy.  Our 
current  research  purpose  is  to  estimate  the 
possible  reduction  of  weight  and  to  identify 
technical  problems  for  realizing  RLVs.  We 
will  present  the  research  status  of  our 
feasibility  study  on  CFRP  application  in  this 
paper,  focusing  on  the  filament  winding 
tank  test. 


Fig.l  Image  of  future  Japanese  RLV 
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FW  tank  lest 

The  first  tank  of  the  second 
phase  FW  tank  test  was  fabricated  and  used 
for  the  pressurization  test. 

Helium  Leakage  Test 

Wc  conducted  a  helium  leakage  test  at 
0.2MPa  internal  pressure  to  obtain 
background  data.  We  then  conducted  a 
pressurization  test  at  0.2MPa,  0.3MPa  and 
0.4MPa  internal  pressure  and  measured 
helium  leakage.  Fig.2  shows  the  result  of 
the  first  helium  leakage  test.  Permeability  of 
helium  reached  around  5.3*10*5Pam3/scc. 


Fig.2  Helium  Permeability  Background 

Wc  then  conducted  a  continuous 
pressurization  test  in  which  we  planned  to 
increase  the  internal  pressure  from  0.2MPa 
to  O.SMPa  in  0.1  MPa  steps.  Fig.3  shows  the 
result  of  the  pressurization  test.  It  shows  that 
permeability  increased  with  increasing 
internal  pressure  from  0.2MPa  to  0.3MPa 
then  became  constant.  When  the  pressure 
reached  0.4MPa,  the  permeability  continued 
increasing  and  eventually  surpassed  the 
limitation  of  the  helium  leak  detector. 


Leak  paths  seemed  to  have  been  created 
while  internal  pressure  was  increasing  from 
0.3MPa  to  0.4MPa.  We  conducted  a  snoop 
test  with  soap  to  identify  leak  points  and 
found  several  leaks  especially  along  the 
large  wrinkles  produced  during  the  cure 
process  (sec  Fig.4).  There  were  many  large 
wrinkles  on  one  side  of  the  tank  and  almost 
no  large  wrinkles  on  the  other  side.  We 
believe  that  the  wrinkles  developed  because 
of  gravity  during  the  cure  process.  The  tank 
was  cured  with  the  axis  horizontal.  The 
fibers  of  the  upper  side  were  under  strain, 
but  the  fiber  of  the  lower  side  was  not 
causing  large  wrinkles.  The  fibers  inside 
large  wrinkles  are  easy  to  deform  by  internal 


Fig.4  Snoop  test  at  Wrinkles 

Identified  leaks  were  covered  by  EA9394 
epoxy  adhesive  before  conducting  the  water 
proof  test  with  l.OMPa  internal  pressure. 

Water  Proof  at  l.OMPa 
Wc  conducted  a  water  proof  test  with 
l.OMPa  internal  pressure  and  obtained  strain 
data  at  18  points  on  the  tank  surface.  Water 
pressure  was  applied  by  hand  pump  and 
many  leaks  occurred  at  an  internal  pressure 
of  l.OMPa.  The  internal  pressure  was  kept 
l.OMPa  for  470  seconds.  The  strain  data  and 
measurement  points  at  one  side  of  the  tank 
with  wrinkles  arc  shown  in  Fig. 5  and  Fig.6. 
Fig.5  shows  nine  strain  data  points  in  the 
hoop  direction  and  one  in  the  axial 
direction. 


Fig.3  Permeability  at  Pressurization  test 
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Fig.5  Strain  data  at  l.OMPa  water  proof 


Fig.6  Measurement  Points  of  Strain 

Eight  strain  gauges  were  put  on  the 
transition  area  from  cylinder  to  dome.  These 
data  were  obtained  in  order  to  identify  the 
complex  stress  distribution  around  the 
border  area.  The  complexity  is  caused  by 
not  only  the  position  of  border  but  also  th  e 
local  fiber  direction  and  the  existence  of 
wrinkles.  We  are  analyzing  the  stress  around 
the  border  and  we  took  special  notice  of  the 
data  at  the  center  of  cylinder -CH18  shown 
in  Fig.6.  As  you  can  see  in  Fig.5,  the  strain 
kept  increasing  while  the  internal  pressure 
was  held  at  l.OMPa  and  other  data  remained 
constant.  To  verify  this,  we  performed  a 
pressurization  test  with  nitrogen  gas  at 
0.6MPa  before  the  water  proof  test  at 
1.5  MPa. 

Helium  Leakage  after  Water  Proof 
A  helium  leakage  test  was  conducted  before 
the  gas  pressurization  test.  Fig.7  shows  the 


helium  leakage  after  the  water  proof  test  at 
l.OMPa.  The  permeability  level  is  the  same 
as  the  first  background  data  shown  in  Fig.2. 
We  can  say  that  the  healthy  part  of  the  tank 
surface  without  micro  cracks  remained 
tolerant  to  helium  permeability. 


Fig.7  Helium  leakage  after  water  proof 

Gas  pressure  test  at  0.6MPa 
We  pressurized  the  tank  with  nitrogen  gas  to 
0.6MPa  in  O.IMPa  steps  and  obtained  strain 
data.  We  added  the  strain  gauges  mainly  on 
the  cylinder  after  the  water  proof  test  and 
obtained  some  data  at  the  same  points  as  in 
the  water  proof.  All  the  strain  gauge  points 
are  shown  in  Fig.8.  16  strain  data  points 
were  obtained.  CH1-CH7  and  CH15  are 
new  points  for  evaluating  the  hoop  direction 
strain  on  the  cylinder.  The  other  gauges,  that 
is,  CH11-CH14  for  the  hoop  on  the  dome, 
CHI 8  and  21  for  hoop  on  cylinder,  and 
CH17  and  20  for  the  cylinder  axis,  are  at  the 
same  position  for  comparison. 


Fig.8  Strain  Measurement  Points 
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Fig.9  Strain  of  Hoop  Direction 

Fig.9  shows  the  result  of  hoop  strain  on  the 
cylinder.  The  strain  at  CHI 8  is  much  larger 
than  at  other  points.  We  can  also  sec  the 
data  kept  increasing  at  0.5  and  0.6MPa 
internal  pressure  while  pressure  kept 
constant.  The  CHI  8  strain  gauge  is  near  a 
large  wrinkle  that  is  resin  rich.  The  local 
strain  can  be  very  great  and  many 
eventually  produce  a  micro  crack. 


water  proof.  There  were  major  differences  at 
two  of  four  points  of  the  data  on  the  dome 
(CH11-CH14).  At  CHI  1  and  14,  the  strain 
data  of  the  first  water  proof  were  twice  that 
of  the  other  two  tests.  This  may  be  related  to 
the  complexity  of  the  stress  distribution,  the 
cause  is  still  under  investing. 
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F  □  The  first  water  proof 
J  ■  Gas  nitrogen  pressure 
|  □  The  second  water  proof 


Strain  data  posrtior 


Fig.10  Comparison  of  Strain  Data 
Conclusions 


Water  Proof  at  1.5 MPa 
After  performing  the  gas  nitrogen 
pressurization  test,  we  conducted  a  water 
proof  test  up  to  1.5MPa.  We  pressurized  the 
tank  to  l.OMPa  then  we  pressure  constant 
for  one  minute.  We  next  pressurized  it  to 
1.5Mpa,  then  kept  pressure  constant  for 
three  minutes  and  then  released  it.  All  the 
strain  data  were  at  the  same  positions  as  for 
the  gas  nitrogen  pressure  test.  Fig.10 
compares  strain  data  at  the  same  positions 
for  the  three  pressurization  tests.  All  the 
strain  data  were  at  l.OMPa  internal  pressure. 
The  data  for  the  0.6MPa  gas  nitrogen 
pressure  test  were  converted  by  being 
multiplied  by  1. 0/0.6.  There  was  good 
agreement  for  the  strain  data  on  the  cylinder 
except  CH18.  As  mentioned  before,  CH18 
is  located  near  a  large  wrinkle,  and  the  strain 
was  larger  than  at  others  points.  It  seems 
that  a  micro  crack  occurred  under  strain 
gauge  CHI 8  during  the  second  water  proof 
lest  at  1.5MPa  and  the  crack  spread.  This 
seems  likely  because  we  observed  large 
bubbles  in  the  snoop  test  after  the  second 


Some  parts  of  the  tank  surface,  such 
as  those  with  large  wrinkles  were  damaged 
by  high  internal  pressure,  but  well-produced 
parts  were  intact  after  successfully 
completing  the  water  proof  test.  The  result 
is  promising  regarding  healthy  parts.  A  tank 
with  a  properly  prepared  surface  should  be 
able  to  withstand  high  internal  pressure. 
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Abstract 

The  authors  present  in  this  study  an 
approach  evaluating  the  damage  of 
tough-epoxy  CFRP  concept  tank,  under  the 
internal  pressure  in  cryogenic  temperature. 
Two  tanks  were  prepared  so  far  for  the 
demonstrations  with  eight-ply  UD 
quasi-isotropic  lay-up  in  two  patterns.  Each 
tank  was  designed  as  the  cylinder  of  600mm 
in  the  diameter  and  1200mm  in  the  length, 
covered  with  aluminum  flange  at  an  end  and 
with  600mm  hemisphere  dome  of  CFRP  at 
the  other.  The  gauge  was  the  central 


300mm  of  the  cylinder  section  of  the  wall 
thickness  1.1mm  made  of  IM600/#133  tough 
epoxy  CFRP.  The  CFRP  concept  tanks 
showed  no  damage  under  the  pressurization 
in  LN2  temperature  thus,  they  were 
successfully  evaluated  as  the  cryogenic 
CFRP  tank.  Although  there  are  technical 
steps  remained  for  the  larger  structures,  the 
CFRP  was  found  hopeful  for  the  realization 
of  launch  vehicle  cryogenic  propellant  tank. 

Key  Words:  Cryogenic  Tank,  CFRP, 
Damage  Evaluation,  Pressurizing  Test. 
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Introduction 

Carbon  fiber  reinforced  plastics  (CFRP) 
composite  is  attractive  for  the  liquid 
propellant  tanks  of  launch  vehicles  due  to  its 
excellent  specific  strength[l]. 

The  launch  market  is  known  for  the 
aggressive  commercial  environment  that 
drives  the  launch  vehicles  in  the  directions  of 
increased  payload  capacity.  Thus,  demand 
is  steady  for  lightweight  structures  with  the 
superior  performance  of  CFRP  composites. 
The  CFRP  cryogenic  tank  is  thus  an 
indispensable  factor  to  the  future  launch 
vehicles  being  accepted  in  the  market. 

The  design  of  a  CFRP  cryogenic  tank 
requires  tough  material  such  as  CFRP 
composites  that  have  been  developed  with 
tough-epoxy  matrices  and  high  strength 
carbon  fibers. 

However,  the  cryogenic  performance  of 
structures  with  these  materials  is  still  in  the 
experimental  stage.  Although  promising 
data  have  been  reported  for  specimen 
strength  in  cryogenic  conditions[2],  very  few 
successes  have  been  realized  for  tank 
structures[3-5].  In  particular,  one  important 
technical  step  for  CFRP  cryogenic  tanks  is 
the  damage  evaluation,  which  leads  to  the 
knowledge  for  the  prevention  of  matrix 
cracking. 

The  authors  present  in  this  study  an 
approach  to  evaluate  the  damage  of 
tough-epoxy  CFRP  concept  tanks,  under 
internal  pressure  at  LN2  temperature. 
The  CFRP  tanks  were  evaluated  in  the  tests 
and  no  damage  was  detected.  CFRP 
composite  appears  thus,  promising  for  the 
lightweight  pressure  vessels  such  as  launch 
vehicle  cryogenic  tanks. 

Tank  Configuration 

Following  preliminary  studies, 
IM600/#133  tough-epoxy  resin  containing 
high  strength  carbon  fiber  (Toho  Composites 


Co.  Ltd.)  was  selected  as  the  tank  material. 

For  the  LN2  temperature  condition,  the 
operational  pressure  was  set  to  be  0.98 
MPaG  with  a  safety  factor  of  1.5  for  the 
onset  of  matrix  cracking.  Under  0.98 
MPaG  the  maximum  strain  in  the  hoop 
direction  at  the  center  of  the  gauge  section 

was  estimated  to  be  4.5  x  103  p.  Figure  1 

shows  the  schematic  diagram  of  the  tank 
configuration. 


j 

i 


Fig.  1  Configuration  of  CFRP  tank 
(Units-  mm) 

Each  tank  was  designed  as  a  cylinder  of 
600  mm  in  the  diameter  and  1200  mm  in  the 
length,  covered  with  an  aluminum  flange  at 
one  end  and  a  600  mm  hemispherical  CFRP 
dome  at  the  other  end.  The  gauge  section 
was  the  central  300  mm  of  the  cylinder 
section  that  possessed  a  wall  reference 
thickness  of  1.10  mm. 

Two  liner-less  tanks  were  tested  so  far 
that  have  produced  by  Fuji  Heavy  Industry 
Co.  Ltd.  comprising  of  an  eight-ply  UD 
quasi-isotropic  lay-up  in  two  different 
patterns,  Type  A  (45/0/-45/90)s,  and  Type  B 
(45/90/-45/0)s. 


280 


Experimental 

The  main  objective  of  this  experiment 
was  to  assess  the  presence  of  matrix  cracking 
in  the  concept  tanks  at  a  pressure  of  0.98 
MPaG  under  LN2  temperature.  Thus,  He 
flow  measurement  and  acoustic  emission 
(AE)  methods  were  applied  for  detecting  the 
onset  of  microcracking. 

Each  tank  was  set  inside  a  vacuum 
chamber  as  shown  in  Fig.2.  The  vent 
pipeline  was  connected  to  a  helium  leak 
detector  in  order  to  monitor  the 
through-crack  leakage.  LN2  was  filled  into 
the  tank  through  the  cover  and  drained  using 
the  GHe  pressure.  GHe  does  not  diffuse 
into  LN2  and  thus  through-crack  leakage  was 
limited  to  above  the  height  of  the  LN2 
surface.  Therefore,  the  surface  was 
monitored  whilst  the  LN2  was  drained  in 
order  to  detect  the  position  of  through-crack 
leakage. 

The  experiments  were  conducted  as 
follows.  Each  tank  was  checked  by  the 
supplier,  Fuji  Heavy  Industry  Co.  Ltd.  using 
an  ultrasonic  method  immediately  following 
the  production.  The  tanks  were  then 
pressurized  to  1  MPa  with  water  and  checked 
for  signs  of  visible  damage  with  the  extent  of 
any  microcracking  checked  using  helium 
flow  detection  at  0.1  MPaG.  After  the 
supplier  check,  each  tank  was  installed  into  a 
vacuum  chamber  following  setup  for  the  AE 
and  strain  measurements  and  then  covered 
for  the  pressurizing  tests.  The  helium 
permeability  was  measured  at  0.1  MPaG  and 
0.2  MPaG  in  order  to  derive  background  data 
prior  to  the  pressurizing  and  through-crack 
leakage  measurements.  So  as  to  confirm 
any  damage  being  due  to  the  cryogenic 
temperature,  LN2  was  stored  without  the 
additional  pressure  with  GHe  for  about  1 
hour  then  being  checked  with  helium  leak  at 
R.T.  The  tanks  that  satisfactory  passed 
these  tests  were  then  filled  with  LN2  and 
pressurized  with  GHe  up  to  0.98  MPaG  in 


step  of  0.2  MPaG.  Figure  3  illustrates  an 
example  of  the  LN2  storage  process. 
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Fig.  2  Schematic  diagram  of  the  test 
configuration 


Fig.  3  Photograph  of  the  cryogenic 
test 

Experimental  Results 

Following  the  initial  LN2  storage  test, 
tank  A  and  B  were  filled  with  LN2  and 
pressurized  with  GHe  in  order  to  verify  the 
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absence  of  through-crack  leakage  in 
IM600/#133  at  LN2  temperature  and  thus, 
applicable  for  cryogenic  pressure  vessels. 
AE  signals  were  not  detected  during  the  test 
whilst  the  strain  data  was  within  estimated 

levels  of  4.2x1 03  p  at  the  middle  of  the  gauge 

section  in  the  hoop  direction.  Thus, 
through-crack  leakage  was  believed  to  be 
absent  in  tank  A  and  B  during  the  cryogenic 
pressurizing  tests.  In  order  to  confirm  the 
fact,  He  leak  tests  were  conducted  at  R.T. 
condition  before  and  after  the  cryogenic 
pressurizing  tests.  The  leakage  patterns 
were  consistent  with  the  He  permeability 
data  as  depicted  in  Fig.4.  Therefore,  it  was 
concluded  that  the  tanks  were  kept  intact 
under  conditions  of  a  LN2  temperature  and 
pressure  up  to  0.98  MPaG. 


Concluding  Remarks 

CFRP  concept  tanks  were  produced  for  the 
damage  evaluation  tests  under  internal 
pressure  at  a  LN2  temperature. 

Two  tanks  were  so  far  evaluated  with  GHe 
in  LN2  temperature  up  to  0.98  MPaG  that 
have  shown  no  damage  in  the  gauge  sections. 
Therefore,  it  was  concluded  that  the  concept 
of  the  CFRP  tank  structure  was  successful  for 
the  prevention  of  damage  by  internal 
pressure  in  cryogenic  conditions. 

Although  technical  steps  remain  until  the 
realization  of  engineering  structures,  CFRP 
composite  appeared  promising  for  the 
realization  of  lightweight  pressure  vessels 
such  as  the  cryogenic  tanks  of  future  launch 
vehicles. 
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Abstract 

For  evaluating  leakage  property  of 
carbon  fiber  reinforced  plastics  (CFRP) 
laminates  of  the  propellant  tanks  for  reusable 
launch  rockets  (RLV),  leak  experiments  are 
conducted  by  means  of  cruciform  specimens. 
Prior  to  leak  experiment,  CFRP  laminate 
specimens  have  been  applied  with  biaxial 
load  to  develop  matrix  cracks  in  all  layers 
acting  as  the  leak  path,  and  the  matrix  cracks 
in  the  laminate  are  observed  through  the  use 
of  ultrasonic  C-scan.  Then  leak  rate  through 
the  laminate,  which  is  biaxially  loaded  to 
simulate  the  condition  of  pressurized  and 
loaded  tanks,  is  measured  at  room 
temperature.  The  results  from  leak 
experiments  indicate  that  loads  and  their 
biaxial  ratios  have  large  effects  on  the 
leakage  property  of  CFRP  laminates. 

Key  Words:  CFRP  Laminate,  Propellant 
Leakage,  Cryogenic  Tanks,  Matrix  Crack, 
Biaxial  Load  Test 

Introduction 

The  next  generation  reusable  launch  vehicle 
has  been  sought  for  cost  reduction  of  space 
transportation.  The  application  of  CFRP  to 
liquid  hydrogen  tanks  to  reduce  the  structural 
weight,  which  is  mainly  occupied  by 


propellant  tanks,  is  essential  in  the  realization 
of  the  RLV.  Recent  studies  have  mentioned 
that  severe  thermal  strain  at  cryogenic 
temperature  of  liquid  hydrogen  induces 
matrix  cracks  in  CFRP  composite  materials 
at  relatively  low  loads,  and  the  chain  of 
continuously  connected  matrix  cracks  might 
cause  propellant  leakage  [1-4]. 

In  this  work,  leak  experiment  for 
cruciform  CFRP  specimens  under  biaxial 
loading  has  been  developed  at  room 
temperature.  Previous  to  the  leak  experiment, 
cruciform  laminates  have  been  biaxially 
loaded  for  making  matrix  cracks  in  the 
laminate,  which  are  performing  as  leakage 
path.  Leak  rates  through  the  center  portion  of 
the  cruciform  laminate  are  measured  as 
function  of  loads  and  their  biaxial  ratios.  The 
results  of  this  study  reveal  that  load  and 
biaxial  ratio  on  the  laminate  have  a  great 
influence  on  the  leakage,  and  loading 
conditions  due  to  the  internal  pressure  and 
structural  load  have  to  be  considered  for 
evaluating  leakage  property  of  CFRP 
composite  tanks. 

Leak  Experiments 

Plane  CFRP  laminates  are  subjected 
to  leak  experiment  instead  of  CFRP  tanks, 
and  the  shape  of  CFRP  specimens  is 
cruciform  for  applying  biaxial  load  as  shown 
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in  Fig.l.  Material  system  used  in  this  study  is 
IM600/Q133  and  the  laminates  with  the 
stacking  sequences  (0/0/90/90)s  were 
fabricated.  The  stainless  steel  cups  for 
measuring  leak  rates  are  padded  to  both 
surfaces  of  the  cruciform  CFRP  specimen 
that  is  loaded  as  shown  in  Fig.2.  One  of  the 
stainless  steel  cups  is  to  supply  helium  gas  to 
the  laminate  surface,  and  the  other  connected 
to  the  helium  leak  detector  is  used  to  capture 
the  leaked  gas  through  the  laminate.  Flow 
rate  of  the  helium  gas  through  the  supplying 
cup  was  kept  to  be  low  enough  to  introduce 
atmospheric  pressure  into  the  cup,  and  the 
helium  leak  detector  connected  to  the 
detection  cup  draws  vacuum  inside  it.  Then 
pressure  difference  between  both  sides  of  the 
laminate  is  held  to  be  atmospheric  pressure. 
CFRP  specimens  padded  these  cups  are 
biaxially  loaded  at  room  temperature  as 
shown  in  Fig-3,  and  leak  rates  are  measured 
as  functions  of  loads  and  their  biaxial  ratios. 


Fig.l  Specimen  for  Leak  Test 


Fig.2  Cross  Section  of  Leak  Test 


In  this  study,  the  leakage  through  the 
continuous  series  of  matrix  cracks  in  all 
layers  is  measured.  If  there  is  any  layer  with 
no  matrix  cracks,  leakage  through  the  cracks 
no  longer  exists  and  diffusion  is  merely 
measured.  Before  leak  experiments  are 
conducted,  the  laminate  specimen  has  been 
applied  with  biaxial  load  for  initiating  matrix 
cracks,  and  existence  of  matrix  cracks  in  the 
specimen  is  observed  with  using  Ultrasonic 
C-scan  instead  of  X-ray  photography  because 
penetrant  in  matrix  crack  for  X-ray 
photography  could  affect  the  measurement  of 
leakage. 


Fig.3  Leak  Test  through  a  Biaxial 
Loaded  Laminate 

Results  and  Discussion 

Strain  on  Cruciform  Specimen 
Leakage  is  measured  in  the  area  of 
45mmx45mm  on  the  center  of  biaxial 
specimen  as  shown  in  Fig. 4.  It  is  important  to 
comprehend  strains  induced  by  the  biaxial 
load  in  the  leak  test  area.  Strain  gauges  are 
attached  on  both  sides  for  measuring  strains 
on  center  portion  of  biaxial  specimen  as 
shown  in  Fig.4.  Figure  5  shows  load-strain 
curve  at  the  two  points  on  IM600/Q133 
(0/0/90/90)s  laminate  specimen  under  biaxial 
load  (load  ratio  Fx/Fy=  1)  at  room 
temperature,  and  indicates  that  x  and  y 
directional  strains  at  the  two  points  are 
almost  coincident.  Axes  x  and  y  coincide 
with  0°  and  90°  directions,  respectively. 

Ultrasonic  C-scan 

The  IM600/Q133  (0/0/90/90)s  laminate 
specimen  was  subjected  to  biaxial  load  to 
induce  matrix  cracks  as  shown  in  Table  1. 
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Figure  6  is  the  result  of  Ultrasonic  C-scan  for 
the  damaged  laminate,  and  indicates  that 
matrix  cracks  exist  in  both  0°2  and  90°4  layers 
of  (0/0/90/90)s  laminate.  The  chain  of  these 
matrix  cracks  can  provoke  the  leakage 
through  the  laminate. 

Results  of  Leak  Test 

Leak  rates  through  IM600/Q133  (0/0/90/90)s 
laminate  containing  matrix  cracks  as  shown 
in  Fig.6,  were  measured  at  room  temperature. 
Leak  rate  through  the  specimen  under 
uniaxial  load  (FylFx= 0)  changed  in 
accordance  with  the  change  in  applied  load 
Fx  as  shown  in  Fig.7.  In  this  study,  leak  rates 
are  converted  to  the  values  under  unit  volume 
at  atmospheric  pressure  per  second.  Increase 
of  leakage  in  connection  with  load  is 
supposed  to  be  caused  by  enlargement  of 
matrix  crack  opening.  Leakage  through  the 
laminate  was  even  measured  under  no 
mechanical  loads,  because  thermal 
contraction  forces  matrix  cracks  to  open. 


Fig.4  Leak  Test  Area  and  Strain  Gauges 
on  Central  Portion  on  Cruciform 
Laminate  Specimen 

Figure  8  shows  measured  leak  rate  through 
the  same  specimen  under  biaxial  load 
(Fy/Fx=  1),  and  reveals  that  the  leak  rate  is 
larger  than  that  under  uniaxial  load 
(Fy/Fx= 0)  in  Fig.7.  This  supposedly  implies 
that  amount  of  crack  opening  displacements 
under  biaxial  load  (FylFx=\)  are  larger  than 


those  under  uniaxial  load  (Fy/Fx=  0),  and  in 
consequence  resistance  of  leak  path 
composed  of  cracks  to  gas  flow  becomes 
relatively  lower. 


Fig.5  Load-Strain  Curve  on  the  Central 
Portion  of  IM600/Q133  (0/0/90/90)s 

Specimen  under  Biaxial  Loading 


Table  1  Applied  Biaxial  Load  to 
IM600/Q133  (0/0/90/90)s  Specimen 


specimen 

load 

(0/0/90/90)s-l 

first 

Fx=80kN,  Fy=38kN 

second 

Fx=26kN,  Fy=53kN 

Relationships  among  leak  rate,  biaxial  load 
and  strain  are  shown  in  Figs.9  and  10,  which 
reveal  that  leak  rate  correlates  closely  with 
not  only  load  levels  but  also  load  ratio.  In 
Fig.9,  leak  rate  at  the  load  Fx=25kN  with 
load  ratio  Fy/Fx=  1  (ex/ex=l)  is  largest  and 
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about  thrice  as  large  as  that  without 
mechanical  load.  It  is  significant  that  strain 
caused  by  biaxial  loading  (Fy/Fx=  1)  makes 
leak  rate  increase  remarkably. 


xlO'6 


Fig.7  Change  of  Leak  Rate  and  Uniaxial 
Load  (IM600/Q133  (0/0/90/90)s  Laminate) 


x  10*6 


Time  (second) 


Fig.8  Change  of  Leak  Rate  and  Biaxial 
Load  (IM600/Q133  (0/0/90/90)s  Laminate) 


Conclusions 


In  this  study,  leak  rate  through  the 
CFRP  laminate  containing  matrix  cracks  in 
all  layers  was  experimentally  measured 
under  biaxial  loading.  The  results  of  leak 
experiment  indicate  that  leakage  through  the 
laminate  occurs  even  if  the  laminates  are  not 
loaded,  and  biaxial  load  and  load  ratio  have  a 
significant  impact  on  the  leakage  of  CFRP 
laminates. 
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Fig.9  Leak  Rate-Load  Curve  under 
Biaxial  Loading  (IM600/Q133  (0/0/90/90)s 
Laminate) 
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Fig.10  Leak  Rate-Strain  Curve  under 
Biaxial  Loading  (IM600/Q133  (0/0/90/90)s 
Laminate) 
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Abstract 

A  large  deployable  satellite  antenna 
will  be  very  likely  a  foldable  thin 
construction  and  supported  by  an  inflatable 
structure  that  can  be  also  folded  into  a 
launch  vehicle  and  inflated  to  be  the 
deployed  condition  in  space.  One  possible 
design  of  the  support  structure  is  an 
inflatable  tube  made  of  thin  polymeric  film 
wrapped  with  uncured  fiber  reinforced 
polymeric  composites,  which  will  be  cured 
in  space  to  maintain  the  rigidity  after 
inflation. 

The  potential  of  using  triaxial 
woven  fabrics  (TWF)  was  studied  for 
fabricating  the  inflatable  support  structure. 
For  this  purpose,  a  tube  of  diameter  150  mm 
and  length  2000  mm  was  fabricated  with  a 
50  ii  m  polyimide  film  and  one  Ply  of  TWF 
prepreg.  The  tube  was  folded  and 
smoothly  inflated  without  any  damage. 

Key  Words:  Carbon  Fibers,  Composites, 
Fabrics,  Inflatable  Structures,  Space 
Structures 


Introduction 

Through  various  space  activities, 
the  needs  for  the  construction  of  large  space 
structures  have  been  realized(1W3).  An 
inflatable  structure  may  have  potential 
advantages  for  the  construction  of  a  large 
space  structure  in  weight  and  cost.  The 
space  inflatable  structure  can  be  folded  in  a 
small  payload  area  of  a  launch  vehicle  and 
deployed  in  space  by  inflation.  After  the 
structure  is  deployed,  the  deployed  shape 
must  be  maintained  during  the  lifetime  of 
satellite's  mission.  One  way  to  maintain  the 
deployed  shape  is  to  use  uncured  polymer 
reinforced  fiber,  then  cure  it  after  the 
structure  is  deployed  in  space.  An 
appropriate  choice  of  polymeric  composites 
can  accommodate  enough  flexibility  for 
folding  and  expanding,  and  it  also  maintains 
the  rigidity  of  the  expanded  shape. 

Because  of  using  this  construction 
for  a  large  satellite  antenna,  we  have  been 
investigating  the  flatness  of  the  planar  array 
antenna  formed  on  the  triaxial  woven  fabrics 
(TWF)  which  is  stretched  by  the  inflatable 
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tube  placed  around  the  circular  planar  array 
antenna(4).  The  result  of  this  investigation  is 
promising  though  premature  and  warrants 
the  further  investigation  of  the  antenna 
support  structures  such  as  the  inflatable 
structure. 

In  many  structures  such  as  aircrafts, 
and  sporting  goods,  the  use  of  heat  cured 
fiber  reinforced  polymeric  composites  has 
been  widespread  and  can  be  taken  advantage 
for  applying  to  an  inflatable  structure.  There 
are  some  requirements  for  the  materials  to 
be  used  for  the  inflatable  structures.  The 
materials  must  be  flexible  enough  to  be 
folded  before  rigidized,  and  have  long  shelf 
time  before  heat  curing.  The  materials  also 
have  to  have  enough  rigidity  and  durability 
in  space  after  heat  curing(5^(6).  The  use  of 
polymer  composite  reinforced  with  biaxial 
woven  fabrics  (BWF)  may  cause  adverse 
effects  on  the  dimensional  reliability  after 
inflation,  used  as  lay-upped  structure,  due  to 
sliding  movement  between  each  ply  during 
folding  and  expanding(7). 

In  this  paper,  the  use  of  TWF  is 
proposed  because  in-plain  isotropy  and  high 
bending  rigidity  of  one  ply  can  be  obtained 
by  proper  weaving,  compared  with  other 
fiber  arrangements  which  the  areal  density 
and  fiber  properties  of  the  fabrics  are  the 
same.  Because  the  TWF  can  be  woven  into 
isotropy  and  high  in-plain  bending  rigidity, 
the  one  ply  construction  may  become 
possible  which  ensures  the  dimensional 
reliability  after  inflation  and  ease  of 
fabricating  structural  shapes  such  as 
Y-shape,  T-shape  compared  with  the  BWF 
or  Iso  Truss(S).  Cylindrical  tubes  were 


fabricated  with  carbon  fiber  TWF  and  BWF, 
and  structural  rigidities  were  evaluated.  For 
a  further  demonstration,  the  inflatable  tubes 
of  diameter  of  150  mm  and  length  of  2000 
mm  was  fabricated  using  the  TWF,  and  its 
foldability  and  expandability  was  evaluated. 

Experiment 

Cylindrical  Tubes 

Fiber  reinforced  polymer 
composites  are  used  by  laying-up  on  the 
long  cylindrical  tubes  to  obtain  proper 
in-plain  and  out-of-plain  properties.  This 
may  cause  unexpected  dimensional 
anomalies  associated  with  laying-up  of  plies 
such  as  relative  movement  of  each  ply  while 
folding  and  expanding.  For  this  reason,  the 
cylindrical  tubes  are  fabricated  by  one  ply  of 
either  BWF  or  TWF  as  shown  in  Fig.  1  with 
understanding  that  one  ply  construction  of 
the  inflatable  structure  is  more  manageable 
for  the  dimensional  stability  during 
deployment.  Details  of  the  cylindrical  tubes 
are  listed  in  Table  1 .  It  should  be  mentioned 
that  the  areal  densities  of  the  fabrics  are  the 
same  for  proper  comparison  of  the  test 
results.  The  tubes  were  compressed  and 
tensioned  along  the  axial  direction  of  the 
cylindrical  tubes,  and  the  displacements  of 
the  tubes  were  measured. 

Folding  and  Expansion 

Folding  method  and  the 
construction  of  the  inflatable  tube  are  shown 
in  Fig.  2.  This  type  of  inflatable  tube  is 
fabricated  and  tested  for  foldability  and 
expandability. 


BWF  TWF 

Fig.  1  Directions  of  BWF  and  TWF 
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Table  1  Details  of  the  Cylindrical  Tubes 


Fabric  Style 

BWF  0°  j  BWF  45° 

TWF  90°  1  TWF  0° 

Weave 

Plain 

Basic 

Fiber 

T300-6K 

12.50 

4.625 

Tube  Weight  (g) 

17.5 

19.2 

Tube  Thickness  (mm) 

0.28 

0.43 

Tube  Diameter  (mm) 

150 

Tube  Length  (mm) 

100 

Process 

Autoclave 

Condition 

160  V,  90  min,  0.5  MPa 

Resin  Type 

Long  Shelf  Life  Epoxy  at  Room  Temperature 

Fig.  2  Folding  Method  and  the  Construction  of  the  Inflatable  Tube 


Results  and  Discussion 

Properties  of  the  Cylindrical  Tubes 

Figure  3  shows  the  force  applied  to 
the  cylindrical  tubes  to  the  direction  of 
cylindrical  axis.  We  call  it  “axial  force”,  and 
displacements  of  the  cylindrical  tubes  for 
both  BWF  and  TWF.  The  results  show  that 
the  rigidity  of  the  tube  of  TWF  is  larger  than 
that  of  BWF  tube.  This  difference  is  caused 
by  the  wall  thickness  of  the  tubes;  0.28  mm 
for  the  BWF  and  0.43  mm  for  the  TWF, 
though  they  have  the  same  areal  density. 
Further,  the  rigidity  differences  between  the 
different  directions  of  the  same  fabric  are 
more  prominent  for  the  BWF:  the 
displacements  of  BWF  tubes  are  18.93  mm 
for  the  0  degree  direction  and  25.81  mm  for 
the  90  degree  direction  at  1  N  of  the  axial 
force,  and  those  of  TWF  tubes  are  9.55  mm 
for  the  0  degree  direction  and  9.08  mm  for 
the  90  degree  direction  at  the  same  force.  It 
is  conceivable  that  isotropy  of  any  fabric  is 


more  manageable  than  anisotropy  for 
construction  of  joints  or  blanches  of  tubes 
such  as  T-shape  or  Y-shape  of  an  inflatable 
structure. 


Displacement  (mm) 


Fig.  3  Force-Displacement  Curves 
for  the  Cylindrical  Tubes 
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Foldability  and  Expandability 

The  inflatable  tube  was  fabricated 
as  shown  in  Fig.  2  except  it  does  not  have  a 
thermal  insulation  equipment.  As  shown  in 
Fig.  4,  the  inflatable  tube  was  first  folded  in 
the  size  of  167  mm  x  167  mm  x  100  mm, 
and  then  expanded  to  the  size  of  diameter 
150  mm  and  length  2000  mm  by  inflating 
the  gas  barrier  film  by  the  compressed  air. 
The  folding  and  expanding  of  the  inflatable 
tube  proceeded  very  smoothly,  and  any 
damage  or  disorientation  of  the  fiber  was  not 
observed  in  the  prepreg.  The  total  weight  of 
the  2000  mm  inflatable  tube  is  390  g. 


Fig.  4  Inflation  of  Inflatable  Tube 


Conclusions 

The  displacement  under  the  axial 
force  of  the  cylindrical  tubes  fabricated  by 
TWF  is  much  smaller  than  that  of  the  tube 


fabricated  by  BWF.  This  is  because  TWF 
can  be  woven  with  a  low  weaving  density 
resulting  in  a  thicker  fabric  compared  with 
that  of  BWF.  The  thicker  fabric  with  the 
same  areal  density  and  fiber  properties 
results  in  a  larger  plate  bending  rigidity 
leading  to  a  stiffer  cylindrical  tube.  Further, 
the  TWF  possesses  less  in-plain  anisotropy 
than  the  BWF. 

The  inflatable  tube  fabricated  using 
the  TWF  prepreg  could  be  inflated  smoothly 
without  observing  any  damage.  It  should  be 
noted  that  the  expansion  of  the  tube 
proceeded  uniformly  in  the  length-wise 
because  of  the  new  folding  method 
presented  in  this  paper. 

References 

1.  R.E.Freeland,  G.D.Bilyeu,  G.R.Veal,  and 

M.M.Mikulas:  49,h  International 

Astronautical  Congress,  IAF-98-I.5.01, 
(1988). 

2.  M.C.Lou:  International  Symposium  on 
Space  Technology  and  Science,  ISTS 
2000-C-2 1,(2000). 

3. E.G.Njoku,  Y.Rahmat-Samii,  J.Sercel, 
W.J.Wilson,  and  M.Moghaddam:  IEEE 
Trans.  Geoscience  and  Remoto  Sensing, 
37(1),63(1999). 

4.  H.Tsunoda  and  Y.Senbokuya:  42nd 
AIAA/ASME/ASCE/AHS/ASC  Structures, 
Structural  Dynamics,  and  materials  Conf., 
AIAA-2001-1597,  (2001). 

5.  D.P.Cadogan,  S.E.  Scarborough:  42nd 
AIAA/ASME/ASCE/AHS/ASC  Structures, 
Structural  Dynamics,  and  materials  Conf., 
AIAA-2001-14I7,  (2001). 

6.  K.Higuchi,  M.C.Natori,  H.Hatta,  and 
R.Yokota:  20th  International  Symposium  on 
Space  Technology  and  Science,  96-b-llv, 
(1996). 

7.  D.Cadogan  and  M.Grahne:  49th 
International  Astronautical  Congress, 
IAF-98-1. 1.02,  (1988). 

8.  D.K.Darooka  and  D.W.Jensen:  42nd 
AIAA/ASME/ASCE/AHS/ASC  Structures, 
Structural  Dynamics,  and  materials  Conf., 
AIAA-200 1-1257,  (2001). 


290 


Proceedings  of  7th  Japan  International  SAMPE 
Symposium  §  Exhibition,  Nov.  13*16,  200 1 


Applying  Thermoplastic  Composite  to  Space 
Inflatable  Structure 


Seiichi  Matsuoka#1  and  Hiroyuki  Nakamura#2 

Aerospace  Division,  Fuji  Heavy  Industries  LTD 
1-1-11  Yonan,  Utsunomiya-Shi,  Tochigi  320-8564,  JAPAN 
#1  :E-mail:  matsuokas@uae.subaru-fhi.co.jp 
#2:E-mail:  nakamurahl@uae.subaru-fhi.co.jp 

Yumi  Senbokuya#3  and  Hiroaki  Tsunoda#4 

NTT  Network  Innovation  Laboratories,  Nippon  Telegraph  and  Telephone  Corporation 
1-1  Hikarinooka,  Yokosuka-Shi,  Kanagawa  239-0847,  JAPAN 
#3:E-mail:  senbok@wslab.ntt.co.jp 
#4:E-mail:  tsunoda@wslab.ntt.co.jp 


Abstract 


Introduction 


The  space  inflatable  technology  is  paid 
attention  to  realize  large  aperture  spacebom 
antenna  systems.  Over  the  past  years,  several 
studies  have  been  made  on  an  inflatable 
rigidized  structure  which  used  the  thermoset 
composite  material.  However  thermoset 
composite  material  has  the  restriction  on  the 
storage  conditions.  Because  of  this  reason, 
we  conducted  a  study  of  applying  the 
thermoplastic  composite  to  a  inflatable 
structure  to  eliminate  the  restriction 

As  the  first  step  in  this  study,  we 
examined  the  rigidization  of  the 
thermoplastic  composite  which  is  assumed 
to  be  used  for  the  inflatable  structure.  This 
paper  describes  the  feasibility  of  applying 
the  thermoplastic  composite  to  the  inflatable 
structure  from  the  result  of  the  test  data 

Key  Words:  Inflatable  structure, 
thermoplastic  composite 


The  need  for  light  weight  and  small 
launch  volume  of  the  large  space  structure 
such  as  deployable  satellite  antenna  is 
growing  rapidly.  Figure  1  shows  an  example 
of  inflatable  technology  applied  to  the  planar 
array  antenna. 


Cross  Section  AA 


Fig.  1  Example  of  Planar  Array  Antenna 
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The  inflatable  structure  provides  a  frame 
from  which  the  antenna  membrane  can  be 
suspended  and  tensioned  to  maintain  the 
required  surface  tolerance  of  a  planer  array 
antenna[5].  The  space  inflatable  structures 
are  paid  attention  for  such  need.  To  apply 
inflatable  structure  in  space,  it  is  effective  to 
make  the  structure  rigid  after  it  is  fully 
deployed  to  eliminate  the  need  for  a  constant 
supply  of  gas  to  maintain  structure  integrity 
of  the  system  and  reduce  the  damage  of  the 
debris  and  meteoroid.  The  inflatable 
rigidizable  structure,  once  deployed  to  the 
final  shape,  is  made  rigid  by  a  chemical 
reaction.  The  thermal  rigidization  of  the 
thermoset  composite  structures  have  been 
studied[l,4].  The  thermoset  composite 
material  have  a  problem  of  the  short  storage 
period.  We  have  been  investigating  materials, 
and  processing  techniques  and  inflatable 
element  design  for  the  thermoplastic 
composite  material.  Some  materials  can  be 
stored  in  many  environment  for  a  period  of 
years  without  degradation. 

A  typical  section  view  of  inflatable 
structure  is  shown  in  Figure  2. 


Fig.  2  Typical  Section  of  Inflatable 
Structure 


The  composite  laminate  consists  of  three 
elements[3]:  the  bladder,  the  composite 
prepreg  ,  and  the  heater  and  restraint 
assembly.  The  heater  and  restraint  assembly 
provides  resistive  heat  to  plasticize  the 
composite  laminate  that  control  the  final 
shape.  The  bladder  retains  internal  gas 
pressure  and  pushes  the  prepreg  out  against 
the  heater/restraint.  The  composite  prepreg 


is  packaged  before  rigidization,  then  is 
regidized  in  order  to  become  the  main 
structural  element  after  deployment  is 
complete.  Many  studies  have  been  made  on 
the  application  of  the  thermoset  composite 
to  a  composite  prepreg.  However  thermoset 
composite  has  the  restriction  on  the  storage 
conditions.  Because  of  this  reason,  we 
considered  the  application  of  the 

thermoplastic  composite  which  dose  not 
have  the  restriction.  The  problem  which  we 
have  to  consider  next  is  the  low  flexibility  of 
the  thermoplastic  composite.  We  considered 
the  application  of  a  cowoven  fabric  to  solve 
this  problem.  The  cowoven  fabric  offer  the 
desired  high  flexibility  without 

preheating[2]. 

Experimental  Procedures  and  Results 

Thermoplastic  Cowoven  Fabric 

The  cowoven  fabric  of  the 

thermoplastic  composite  material  consists  of 
the  glass  fiber  and  the  thermoplastic  polymer 
in  a  continuous  multifilament  form.  The 
coweave  technique  unites  the  glass  and 
polyamide  multifilament  yarns  during  the 
weaving  operation.  Thermoplastic  yarns  are 
woven  with  glass  yarns  to  form  a  fabric. 
Unidirectional  fabric  was  investigated  in  this 
study.  In  unidirectional  fabric,  only  glass 
filaments  are  woven  in  the  warp  direction 
and  polyamide  filaments  are  woven  in  the 
fill  direction. 


Processing  Test 

All  specimens  consisted  of  three 
elements[3]:  the  bladder,  the  composite 
prepreg  and  the  restraint  similar  to  the 
inflatable  structure.  Figure  3  shows  the 
specimen  configuration. 


weight 


restraint 


composite  prepreg 


bladder 


Fig.  3  Specimen  Configuration 
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These  specimens  were  placed  into  the 
furnace  and  were  heated  to  the  melt 
temperature  at  a  pressure,  and  the  weight 
was  applied  to  the  specimen  as  shown  in 
Figure  3.  The  specimens  were  kept  at  the 
specified  pressure  and  temperature  for  a  time 
period  of  about  5  minutes  before  being 
removed  to  a  quenching.  The  quenching  was 
conducted  by  atmosphere.  Forming 
temperature  was  monitored  by  reading  the 
thermocouple  placed  on  the  specimen. 

All  specimens  were  quenched  under  the 
pressure  which  is  below  the  glass  transition 
temperature.  A  summary  of  the  test 
conditions  used  for  the  material  of  this  study 
is  shown  in  Table  1. 


Table  1  Summary  of  the  Test 
Conditions 


Test  Case 

L  r  1  2  1  3  1  4  1 

Fiber 

Fabric  Construction 

TemoeratureCC) 

■E£3B 

Pressure(kPa) 

0 

12.7; 

19.6 

Holding  Time(min) 

5 

5| 

5 

■3 

Microscope  was  used  to  examine  the 
quality  of  the  laminate  rigidization.  Figure  4 
and  5  show  the  surface  view  of  the  specimen 
at  the  test  case  1  and  3  respectively. 


Fig.  4  Surface  View  of  Case  1 


Fig.  5  Surface  View  of  Case  3 


The  photomicrograph  in  Figure  4 
indicated  that  the  thermoplastic  fibers  didn’t 
wet  out  the  glass  fibers  sufficiently,  while 
the  Figure  5  indicated  the  good  regidization 
that  the  thermoplastic  fibers  wetted  out  the 
glass  fiber. 

All  specimens  indicated  the  same  good 
regidization  for  more  than  19.6  kPa  pressure. 
The  test  result  indicated  that  pressure  was 
needed  more  than  19.6  kPa  gauge  internal 
pressure  to  make  rigid  the  thermoplastic 
cowoven  fabric. 

FabricationTest 

The  cylinder  which  was  140  mm  in 
diameter  and  220  mm  in  length  was 
manufactured  and  made  rigid  under  19.6  kPa 
(gauge)  internal  pressure  in  the  furnace  to 
evaluate  the  feasibility  of  the  basic  inflatable 
element  fabrication. 

The  composite  laminate  of  the  cylinder 
consisted  of  three  elements[3]:  the  bladder, 
the  composite  prepreg,  and  the  restraint 
assembly.  The  bladder  was  a  layer  of  0.05 
mm  thick  FEP  film.  The  composite  prepreg 
layer  consists  of  the  four  plies  of  cowoven 
glass  fabric  that  is  shown  in  Table  1.  The 
restraint  consists  of  a  layer  of  0.1  mm  thick 
glass  fiber  fabric  impregnated  with  a  Teflon 
resin.  This  composite  laminate  is  a  set  of 
aluminum  alloy  end  cap  at  the  both  of  ends. 
The  specimen  configuration  is  shown  in 
Figure  6 


Fig.  6  Specimen  Configuration 


The  cylinder  was  made  rigid  at  1 
atmosphere  ambient  pressure.  The  cylinder 
was  kept  at  the  specified  internal  pressure 
and  temperature  in  the  furnace  for  a  time 
period  of  about  5  minutes.  Forming 
temperature  was  monitored  by  the  three 
thermocouples  placed  on  the  circumference 
of  the  cylinder.  Forming  pressure  was 
monitored  by  the  pressure  gauge. 

A  summary  of  the  processing  conditions 
used  is  shown  in  Table  2. 


Table  2  Processing  Condition 


Molding  Condition 

Temperature(°C) 

254.7 

Pressure(kPa) 

19.6 

Holding  Time(min) 

5 

The  cylinder  indicated  the  good 
rigidization  that  thermoplastic  fibers  were 
melted  and  wetted  out  the  glass  fibers.  The 
test  result  indicated  that  there  was  a 
feasibility  of  basic  inflatable  element 
fabrication  using  the  method  that  internal 
gas  pressure  pushed  the  prepreg  out  against 
the  restraint.  However  the  cylinder  was 
fabricated  in  the  furnace  without  heating  by 
the  film  heater  in  this  test. 

Conclusions 

As  the  first  step  in  this  study,  we  conducted 
the  tests  regarding  the  rigidization  of  the 


thermoplastic  composite  under  the  condition 
that  simulated  applying  for  the  inflatable 
structure.  At  first  ,  the  fundamental 
processing  condition  could  be  clarified 
from  the  result  of  the  processing  test.  The 
most  important  processing  condition  is  the 
pressure  condition.  1.96  kPa  pressure  could 
be  determined  as  the  minimum  value  used 
for  rigidization.  Next  ,  the  applicability  of 
the  processing  condition  to  the  inflatable 
structure  was  confirmed  from  the  result  of 
the  fabrication  test.  These  results  lead  us  to 
the  conclusion  that  the  thermoplastic 
composite  could  be  applied  to  the  inflatable 
structure. 
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Abstract 

Demand  for  inflatable  and  deployable 
structures  for  space  use  produce  many 
schemes  for  them.  As  one  of  the  possibilities, 
we  focus  on  Shape  Memory  Polymers 
(SMPs),  which  can  be  inflated  or  deployed 
simply  by  means  of  their  shape  memory 
effect.  In  this  research,  two  types  of 

SMPs  have  been  investigated,  foam  type  for 
inflatable  structure,  and  fiber-reinforced  type 
for  deployable  structure  and  actuator. 
Evaluated  properties  indicate  that  SMPs  have 
enough  applicability  to  space  structures. 

Key  Words:  Shape  Memory  Polymers 
(SMPs),  Inflatable,  Space  Structure, 
Polyurethane 


Introduction 

Technology  of  inflatable  and  deployable 
structures  enables  launch  vehicles,  of  which 
fairing  sizes  are  limited,  to  transport  huge 
structure  to  space.  However,  because  of  their 
complex  mechanism  to  form  desired  shapes, 
a  non-negligible  number  of  malfunctions  has 
been  occurred.  Some  deployable  and 
inflatable  structures  put  into  practice,  but 
they  were  too  complex  and  heavy.  We 
focused  on  Shape  Memory  Polymers  (SMPs), 


which  are  lighter,  cheaper,  lager  in  recovery 
volume  ratio  than  shape  memory  metals. 
Characteristics  of  SMPs  are  shown  in  Table  1. 


Table  1  Characteristics  of  SMPs 

Compared  with  Shape  Memory  Metals 


Superior 

Inferior 

Large  recovery  volume 

Poor  resistance 

Low  cost 

to  space  environment 

Light 

Much  out-gassing 

Good  workability 

Low  recovery  power 

Effect  of  SMPs 

Shape  memory  effect  of  SMPs  depends  on 
their  glass  transition  function.  Figure  1  shows 
the  concept  of  shape  memory  effect  of  SMPs, 
which  are  rubbery  and  flexible  over  Glass 
Transition  Temperature  (Tg),  glassy  and 


Transform  free 


T  \  Recover  shape 


Glass  Transition  Temperature  (Tg) 

V7 


V 


Fix  shape 
and  transport 
Mold  into  desired  shape  into  sPac* 


Operate 


Fig.l  The  concept  of  SMPs'  Shape 
Memory  Effect 
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rigid  below  it.  SMPs  can  be  inflatable  and 
deployable  simply  and  reliably. 


Application  of  SMPs  to  space  structures 
Shown  in  Figure  2  is  an  example  of 
application  of  SMPs  to  space  structure.  They 
can  be  applied  to  large  space  structure,  such 
as  solar  paddles,  antennas,  etc.. 


(D  Molding  into  desired  shape 

* - ^ 


Launch 


@  Compressing  and 
Memorizing  shape 


Recovering  desired  shape 

with  heating  ©  Oparating 


Fig.2  An  Application  of  SMPs  to  Space 
Structure  (ex.  Solar  Paddles) 


Experimental 

Polyurethane  based  SMP, 
"DiAPLEX"(1),<^),(3),  manufactured  by 
Mitsubishi  Heavy  Industries  and  being  only 
SMP  put  into  practical  use,  was  chosen  as 
samples.  DiAPLEX  has  many  features,  being 
light,  clear,  colorable,  high  corrosion 
resistant  and  workable,  and  has  flexibility  of 
Tg  selection.  Two  types  of  SMPs  were 
prepared.  One  is  carbon  fiber  reinforced  SMP 
(FR-SMP)  manufactured  by  hot  pressing  (in 
Figure  3)  and  deployable,  1-ply  and  2-ply 
FR-SMPs  were  produced.  The  other  is  foam 
(SMP-Foam)  for  inflatable  structure 
manufactured  from  isocyanate,  polyol  and 
water.  Isocyanate  and  polyol  react  together  to 
produce  polyurethane,  which  is  foamed  by 
CO2  generated  by  reaction  of  polyol  and  H2O. 
FR-SMP  was  produced  to  apply  to  space 
structures  for  the  first  time,  while  SMP-Foam 
has  been  under  researching <4).  In 

addition,  UV  irradiated  samples  were 


prepared  in  order  to  investigate  resistance  of 
SMP  to  UV.  The  total  flux  of  each  UV 
irradiated  sample  is  50  equivalent  solar  days 
(ESD). 


Spacer  Nylon  fiim 

_ L 


CF  Cloth+SMP  resin  \ 

PET  film 


Fig.3  Manufacture  of  FR-SMP  by  Hot 
Press 


Dynamic  viscoelasticity  of  SMP  samples 
were  investigated  at  temperatures  between 
223K  and  473K,  with  torsion  mode  for 
FR-SMP  and  with  compression  mode  for 
SMP-Foam.  Solar  absorptance  (alpha-S) 
and  normal  emittance  (epsilon-N)  of 
irradiated  and  unirradiated  samples  were 
measured.  Durability  of  the  materials  against 
UV  irradiation  was  judged  by  evaluating  the 
alpha-S  and  epsilon-N  changes. 
Outgassing  of  the  samples  was  also  evaluated 
with  ASTM  E  595.  SMP-Foam  has,  however, 
too  low  density  not  to  weigh  enough  for 
ASTM  E595.  Data  of  shape  memory 
properties  of  SMP  samples,  fixation  rate  and 
recovery  rate  were  obtained.  They  were 
acquired  by  comparing  strain. 

Results  and  Discussion 


Dynamic  viscoelasticity  of  SMPs 
Figure  4  and  Figure  5  show  dynamic 
viscoelasticity  of  SMPs.  At  Tg, 
viscoelasticity  changes  significantly  and  so 
SMPs  indicate  typical  shape  memory  effect. 

Although  50ESD  UV  was  irradiated, 
there  are  little  change  between  their  carves. 

It  is  considered  that  SMPs  may  keep  their 
shape  memory  function  beyond  the  range  of 
50  ESD  UV  irradiation.  There  may  be 
enough  time  to  inflate  or  deploy  SMPs  after 
putting  into  an  orbit.  Figure  5  also  shows 
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an  effect  of  carbon  fiber,  that  2-ply  sample  is 
stiffer  than  1-ply  one. 


Temperature  (k) 

Fig.4  Viscoelasticity  of  FR-SMPs 
(Compared  with  Resin  Only  SMP) 


1.00E+07  - - 


Fig.5  Viscoelasticity  of  SMP-Foam 


Solar  Absorptance  and  Normal  Emittance 
Changes 

Shown  in  Table  2  are  data  of  solar 
absorptance  and  normal  emittance  changes  of 
SMPs. 


Table  2  Solar  Absorptance  and  Normal 
Emittance  Changes 


Sample 

Solar  absorptance 
(alpha-S) 

Normal  emittance 
(epsilon-N) 

Unirradiated 

UV 

irradiated 

Uninadialed 

UV 

irradiated 

FR- 

SMP 

0.882 

0.867 

0.899 

0.898 

SMP- 

Foam 

0.433 

0.590 

0.922 

0.912 

Solar  absorptance  of  SMP-foam 


increased  with  UV  irradiation.  That  of 
FR-SMP  did  not  increase,  and  it  may  be  due 
to  black  color  of  carbon  fiber.  It  is  found  that 
SMPs  are  easily  damaged  by  UV  irradiation. 

Outgassing  of  SMPs 

Measured  outgassing  data  of  SMPs  are 
shown  in  Table  3. 


Table  3  Outgassing  Data  of  SMPs 


Samples 

FR-SMP 

SMP-Foam 

Total  Mass  Loss  (%) 

0.678 

3.582 

Collected  Volatile 
Condensable  Materials 
_ (%) 

0.001 

0.057 

Water  Vapor  Regained 
_ (%) 

0.158 

0.16 

Judgement 

Passed 

Failed 

PASSED:  TML^1%  and  CVCM^O.1% 


A  total  mass  loss  of  SMP-Foam  does 
not  fulfill  recommendation  value.  To  use  in 
space,  SMP-Foam  is  desired  to  decrease  its 
total  mass  loss. 

Shape  Memory  Properties  of  SMPs 
Shown  in  Table  4  are  data  of  shape  memory 
properties,  fixation  and  recovery  rate.  As 
well  as  the  result  of  viscoelasticity 
measurements,  50  ESD  UV  irradiation 
cannot  deprive  SMPs  of  shape  memory 
function.  Table  4  shows  that  FR-SMPs  have 
a  good  shape  recovery  feature,  and 
SMP-Foam  a  good  shape  fixation  feature. 


Table  4  Shape  Memory  Properties 
of  SMPs 


FR-SMP 

SMP-Foam 

Sample 

Unirradiated 

UV 

irradiated 

Uninadialed 

UV 

ipiy 

2ply 

ipiy 

irradiated 

Fixation 

rate 

99.82 

99.82 

99.28 

100 

100 

Recovery 

rate 

100 

100 

100 

98.32 

97.54 
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Conclusion 


In  this  research,  many  data  have  been 
taken  and  SMPs  are  considered  by  those  data 
to  have  encouraging  applicability  to  space 
structure.  In  particular  SMP  keeps  its  shape 
memory  function  despite  of  50  ESD  UV 
irradiation.  However  it  is  necessary  to 
decrease  the  amount  of  outgassing  and  the 
damage  by  UV  irradiation.  In  addition, 
the  effects  of  other  space  environment,  such 
as  radiation,  atomic  oxygen  irradiation,  heat 
cycling,  should  be  examined.  Then 
application  of  SMPs  to  space  structures  will 
change  space  development  drastically. 
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Abstract 

It  is  analytically  found  that  light 
sandwich  panels  consisting  of  low-density 
plastic  foam  and  CFRP  plates  can  be  lighter, 
cheaper  and  stiffer  than  conventional 
alumi-num  honeycomb  panel.  Weghts  of  the 
panels  that  possess  specified  stiffness  are 
calculated  in  consideration  of  mechanical 
property  of  materials  and  panel  thickness. 
Result  of  the  calcuration  enable  us  to  find  out 
optimun  combinations  of  CFRP  and  foam 
thickness.  It  is  proved  from  mechanical  test 
of  the  proto -type  panels  that  hot  press 
without  adhesives  is  able  to  combine  CFRP 
panels  and  foam,  and  gives  as  same  stiffness 
as  that  of  analysis  results.  Tensile  and 
compressive  strength  and  stiffness  (modulus 
of  elasticity)  of  the  panels  that  had  been 
exposed  to  electrons  radiation  are  obtained  in 
order  to  evaluate  space  applicability.  Outgas, 
thermo-optical  proper-ties,  and  shielding 
effects  of  the  CFRP  plates  are  also  evaluated. 

Key  Words:  Composite  Material,  Light 
Weight,  Sandwich  Panel 

Introduction 

Since  the  satellite  structure  have  to  be 
light  weight  and  highly  stiffness  unlike 
general  structure,  a  sandwich  structure  with 
honeycomb  is  in  practical  use.  The  main 


components  of  a  sandwich  structure  are  skin, 
core,  adhesive  and  joints.  We  have 
resear-ched  on  the  light  sandwich  panels 
which  does  not  require  adhesive  for  the 
combination  of  CFRP  skin  and  low-density 
foam.  This  new  panels  were  compared  with 
the  existing  panels  as  the  primary  evaluations 
and  their  basic  characteristics  data  were 
obtained  by  using  the  prototype  materials. 

Evaluation  of  The  Sandwich  Panel 

Equivalent  Stiffness  of  Sandwich  Panel 

The  stiffness  of  a  sandwich  panel  is 
analyzed  with  the  skin  stiffness,  thickness 
and  spacing,  without  any  deformation  of  its 
core.  And  the  stiffness  of  light  sandwich 
panels  equivalent  to  aluminum  alloy  board 
are  analyzed  for  comparison  with  their 
weight.  The  analytical  equation  is  as  follows: 

Eal  tAL  3b  / 12  = 

Ecf  b  tcF  (d+tcF)2 12+  Ecf  b  tcp  3  /  6  (1) 

where  E :  Modulus,  b:  Width,  t:  Thicknss, 
d :  Core  thickness,  suffix  AL:  Aluminum, 
suffix  CF:  CFRP(Carbon  Fiber  Reinforced 
Plastics) 

The  results  of  comparison  show  that  light 
sandwich  panels  consisting  of  low-density 
plastic  foam  and  CFRP  plates  without 
ad-hesive  are  lighter  than  conventional 
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alumi-num  honeycomb  panel.(Fig.l)  Also  it 
is  enable  us  to  find  out  optimum 
combinations  of  CFRP  and  foam  thickness 
under  an  equivalent  stiffness. 


Thickness  of  aluminum  alloy  board[mm] 

Fig.l  Weight  of  Sandwich  Panel  with 
Equivalently  Stiffness  for  Aluminum  alloy 

Evaluation  for  Component  of  Structure 
There  are  three  kinds  of  specimens  to 
eva-luate  for  component  of  a  sandwich  panel. 
Specimen  A  for  CFRP  skin  consist  of 
high-modulus  fiber.  Specimen  B  for  panel 
rein-forcement  and  specimen  C  for 

combination  part  consist  of  middle-modulus 
fiber.  And  electron  irradiation  is  conducted 
under  the  conditions  shown  in  Tablet 
because  of  evaluation  for  space 

environmental  resis-tance. 


Table  1  Electron  Irradiation  Condition 


Test  No. 

Electron 

Fluence  Rtio 

Current 

Fluence 

EnerevIMeVl 

(e/cm2  /s) 

(mA)_ 

(e/cm2l 

(1) 

0.5 

1.02xl013 

8 

2xl016 

(2)  . - 

0.5 

9.04xl012 

8 

2xl016 

(1) :  Atmosphere  Helium  for  Specimen  A  and  B 

(2) :  Atmosphere  Air  for  Specimen  A,  B  and  C 
Radiation  Temperature  is  Room  Temperature. 

In  the  test  No.(l),  the  chamber  is  vacuumed 
down  to  less  than  10  Torr,  and  then  electron 
beams  are  irradiated  horizontally  into  a 
vacuum  chamber  in  which  helium  gas  is 
flown  at  the  flow  rate  of  approximately  2 
ml/min.  In  the  test  No.(2),  electron  beams  are 
irradiated  vertically  in  the  air.  The  fluence 
ratio  in  each  test  is  measured  by  using  the 
charge  collector  installed  at  the  test  materials 


location.  The  fluence  is  set  to  2xl016  (e/cm2), 
equivalent  to  the  10-year  period  fluence  in 
the  space  environment  on  the 
geosynchro-nous  orbit.  The  test  materials 
have  to  be  vertically  installed  in  the  test 
No.(l)  for  horizontal  irradiation  of  electron 
beams.  Therefore,  the  materials  are  wrapped 
with  0.1  mm  thick  Kapton  films,  fixed  during 
irradiation.  Because  it  have  to  be  considered 
that  the  Kapton  films  may  shield  electron 
beams,  the  result  of  using  CTA  (Cellulose 
Tri-Acetate;  electron  beam  dose  monitoring 
material)  films  indicated  that  the  fluence 
decrease  caused  by  Kapton  films  is  3%.  The 
temperature  of  a  test  materials  indicates 
below  85°C  in  any  case  of  the  electron  beam 
irradiation  conditions.  The  electron  beam 
shield  effect  of  the  specimen  A  is  evaluated 
by  the  following:  The  electron  energy 
equivalent  to  0.5  MeV  is  vertically  irradiated 
to  4  types  of  thickness  (1  to  4  mm)  installed 
on  CTA  films  and  electron  beam 
transmissions  are  calculated  from  the 
absor-bance  changes  of  the  CTA  films  after 
irra-diation. 

Test  Results 

We  obtained  the  data  on  the  mechanical 
properties,  outgas,  and  thermo-optical 
pro-perties  (only  for  specimen  A)  before  and 
after  electron  beam  irradiation  (in  the  helium 
gas  atmosphere  and  in  the  air).  The  test 
results  are  shown  in  Table2-5. 


Table  2  Mechanical  Properties  of 
Component(Ref.SACMA  SRM  9-94) 


Properties 

Electron 

Irradiation 

A 

Specimen 

B  C 

Tensile  Strength 

Before 

523 

758 

460 

(MPa) 

After 

473 

724 

464 

Elastic  Modulus 

Before 

96.9 

47.6 

40.3 

(GPa) 

After 

98.1 

44.7 

40.4 
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Table  3  Bending  Modulus  of  Sandwich 
Panel(Ref.ASTM  C  393) 

Properties  Electron  Bending  Modulus 

_ Irradiation _ (kNm2/m) 

Test  Results  Before  22.6 

Analysis _ Before _ 20 

Panel  Specification:  Skin  thickness  0.96mm 
and  material  is  same  as  specimen  A.  Core 
thickness  20mm  and  material  is  low-density 
plastic  foam. 

Table  4  Outgas  Properties  after  Electron 
Irradiation 

Specimen  TML/%1  CVCMf%I  WVRf%i  REMARK 
A  0.145  0.004  0.064  PASSED 

B  0.193  0.008  0.046  PASSED 

C  0.195  0.003  0.059  PASSED 

PASSED:  TML<1%  and  CVCM<0.1% 

Table  5  Thermo-optical  Properties  for 
Specimen  A 

Electron  Solar  Nomal 

Irradiation  Absorptance  faQ  Emittance  (eMl 

Before  0.892  0.763 

After _ 0.894 _ 0.778 

Conclusions 

In  this  research,  the  result  of  the 
comparison  in  mechanical  properties 

bet-ween  a  light  sandwich  panel  and  the 
existing  honeycomb  panel  has  clarified  the 
range  in  which  a  light  sandwich  panel  are 
advan-tageous.  This  is  the  effect  due  to  no 
adhesive  in  forming  a  light  sandwich  panel. 
On  the  other  hand,  test  results  show  that  no 
deterioration  caused  by  electron  beams  is 
recognized  in  the  mechanical  properties  of 
skin  material  and  that  2  mm  or  thicker  skin 
material  could  prevent  the  core  material  from 
deteriorating  attributable  to  electron  beams. 
It  is  therefore  considered  that  the  reasonable 
compatibility  of  light-weight  and 
high-stiffness  design  and  electron  beam 
resisting  (core  protection)  design  is  vital  as 
design  elements  of  a  light  structure  panel. 
The  results  of  thermo-optical  properties 


indicated  that  the  effect  of  electron  beam 
irradiation  is  hardly  seen  in  solar  absorptance, 
while  nomal  emittance  increase  after 
irradiation.  Solar  absorptance  affect  the 
thermal  input  to  the  inside,  and  nomal 
emittace  affect  the  thermal  emission  to  the 
outside.  Both  are  used  for  the  thermal  design 
of  spacecraft.  The  increase  of  nomal 
emittance  is  considered  favorable  for  use  as  a 
spacecraft  material.  Therefore,  it  can  be  said 
from  the  above  results  that  no  deterioration 
caused  by  electron  beam  irradiation  is 
observed  in  the  thermo-optical  properties  of 
specimen  A.  At  the  solar  absorptance  of  0.89, 
however,  solar  beam  causes  a  large  quantity 
of  thermal  input,  which  will  induce  a 
temperature  to  rise  in  the  inside  of  spacecraft. 
It  is  necessary  to  use  with  the  thermal  control 
material  on  the  surface.  It  should  be  therefore 
concluded  from  the  above  results  that  the 
electron  beam  resistance  of  specimen  A  is 
satisfied  in  thermo-optical  properties. 
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Abstract 

The  20th  scientific  satellite  MUSE-C,  shown 
in  Fig.l,  which  aims  at  collecting  the  rock 
samples  from  the  asteroid  then  returning 
them  back  to  the  earth,  is  scheduled  for  lunch 
in  2002  by  ISAS.  The  satellite  will  have  5 
antennas:  one  0  1.6m  X-band  high  gain 
antenna  (XHGA), two  X-band  medium  gain 
antennas  (XMGA-A&B)  and  three  X-band 
low  gain  antennas  (XLGA-A.B  &  C). 

Key  Words:  satellite,  super  light-weight, 
waveguide, horn  antenna 

l.Introduction 

All  5  antennas  are  design  with 
extremely  low  mass  in  order  to  meet  the 
satellite’s  very  tight  weight  budget.  NEC  has 


developed  the  Super-Lightweight  (SLW) 
Waveguide  for  XHGA  and  horn  antenna 
flares  for  XMGA-A&B  in  order  to  achieve 
the  requirement  of  mass. 

The  SLW  Waveguide  and  Horn 
antennas  are  used  for  both  the 
transmitting  frequency  8,41  GHz  and 
the  receiving  frequency  7.15  GHz. 


Fig.l  MUSES-C  IMAGE 
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The  waveguide  adopts  the  WR112 
(  inner  size  :  28.5m  X  12.6mm  , 

frequency  range:7.05-10.0GHz)  covering  the 
above  frequency. 

2.  SLW  Waveguide 

The  SLW  Waveguide  for  MUSES-C 
XHGA  shown  in  Fig. 2-1  is  made  from 
Triaxial  Woven  Fabrics  Carbon  Fiber  (TWF 
— CF) ,  Unidirectional  Carbon  Fiber  (UD  — 
CF)  and  30  p  m  copper  metal  plate.  TWF 
— CF,  UD  — CF  and  the  copper  metal  plate 
are  mainly  used  for  strength,  surface 
accuracy  and  surface  conductivity  respectively. 

Fig. 2-2  shows  TWF-CF  matrix. 


The  manufacturing  of  long  waveguide 
as  much  as  from  one  to  two  meter  also 
become  possible  by  using  this  structure. 

Table.2-1  shows  the  major 
performance  of  the  SLW  waveguide  compared 
with  the  conventional  waveguide, etc  . 

The  480mm  SLW  waveguide  made 
for  MUSES-C  XHGA  shown  in  Fig.2-3 
achieve  the  low  transmission  loss  almost  the 
same  as  the  conventional  waveguide  at  the 
frequency  7.15GHz  /  8.41GHz. 

Table2-1  Major  performance  the  SLW 
Waveguide  compared  with  the  conventional 
Waveguide  etc.  (length:480mm) 


item 

Sample 

Insertion  Loss 

[dB/m] 

Mass 

7.15GHz 

8.41GHz 

SLW  Waveguide 

0.15  *1 

(0.15)  *4 

65g/m 

(107g) 

Conventional  Waveguide 

(tl. 6mm, copper  plated  Al) 

0.13  *2 

(0.14)  *4 

0.13  *2 

(0.14)  *4 

385 g/m 

(258g) 

04.3mm  Coaxial  Cable 

0.83  *3 

(0.46)  *4 

52g/m 

(34g) 

*l:measured  value,  *2x310013168  value 
*3:nominal  value  listed  at  a  catalog 
*4:The  values  in  (  )  of  this  table  show  the 
values  ,  including  Waveguide-coaxial 
transformer  or  coaxial  connector. 


Fig.2-2  TWF-CF 


304 


CL 

00 


pfk  ra-w  =  -gin 


- 

— 

-■f 

“ ** 

. .  <+m 

- - 

Frequency[GHz] 


Fig.2-3  Insertion  Loss  of  the  SLW 
Waveguide  (measured  data) 


Comparing  with  the  conventional 
Waveguide,  the  mass  of  the  SLW  Waveguide 
is  one  sixth  lighter  the  conventional 
waveguide. 

And  also,  comparing  with  the 
coaxial  cable,  the  mass  of  the  SLW 
Waveguide  is  approximately  as  same  as  the 
coaxial  cable  and  the  transmission  loss  of 
the  SLWW  is  one  sixth  lower  than  the 
coaxial  cable. 

We  can  achieve  the  excellent 
performance  that  the  mass  is  almost  the 
same  as  the  coaxial  cable  and  the 
transmission  loss  is  almost  the  same  as  the 
conventional  waveguide. 

The  value  in  (  )  of  Table2-1  shows 
the  insertion  loss  when  it  apply  to  the  feeder 
of  the  MUSES-C  XHGA.  Even  the  short 
length, the  SLW  Waveguide  still  has  the 
advantage  in  its  low  mass  compared  with 
the  Metal  Waveguide. 


3.SLW  Horn  Antennas 

The  SLW  Horn  Antenna  for 
MUSES-C  XMGA  shown  in  Fig.3-1  is  made 
from  Triaxial  Woven  Fabrics  Carbon  Fiber 
(TWF— CF) ,  Unidirectional  Carbon  Fiber 


Fig3-1  SLW  Horn  Antenna 


(a)  (scale:l/l)  (b)  (scale:450:l) 


(c)  (scale:450:l) 

String’s  material:  stainless 
String’s  diameter:8  u  m  (a)(b)  for  MUSES-C  XMGA 
2  u  m  (c) 

Fig.  3-2  Short  Metal  String  Cloth 

(UD— CF)  and  short  metal  string  cloth 
instead  of  the  copper  metal  plate  in  order  to 
improve  the  thermal  endurance.  Fig.3-2 
shows  the  short  metal  string  cloth. 

Table3-1  shows  the  major 
performance  of  the  SLW  Horn  Antenna 
compared  with  the  conventional  Horn 
Antenna.  The  SLW  Horn  Antenna  for 
MUSES-C  XMGA  achieves  the  Gain 
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characteristics  almost  the  same  as  the 
conventional  Horn  Antenna  at  the  frequency 
7.15GHz  /  8.41GHz  and  the  mass  is  one 
sixth  lighter  than  the  conventional  horn 
antenna.  (See  Fig.3-3  and  Table3-1) 


Table3-1  Major  performance  of  the  SLW 
Horn  Antenna  compared  with  the 
Conventional  Horn  Antenna 


Item 

Peak  Gain  [dBi] 

Mass 

Sample 

7.15GHz 

8.41GHz 

SLW  Horn  Antenna 

(Stainless  paper)  *1 

17.74  *2 

18.80  *2 

58g  *2 

Conventional 

Horn  Antenna  *1 

(t1.6mm,Alminum) 

17.71*2 

18.88  *2 

365g  *3 

*  1 :  ApertureSize:90mmx  1 30mm  Length :  1 60mm 
*2:measured  value  *3:  calculated  value 


Fig.3-3  Antenna  Radiation  patterns 
at  8.41GHz  (measured  data) 

4.Conclusion 

The  SLW  Waveguide  has  already 
confirmed  the  characteristics  under  the 
specified  environment  for  MUSES -C 


onboard  equipment  (thermal  cycle,  acoustic, 
vibration  and  shock)  at  PM  phase. 

The  SLW  Horn  Antenna  has  already 
confirmed  the  characteristics  under  room 
temperature  and  the  environment  (  vibration  ) 
at  this  time  and  is  going  to  confirm  the 
characteristics  under  the  other 
Environment  (thermal  cycle  and  shock). 

The  inner  layer  of  the  SLW 
Waveguide  is  going  to  be  changed  from 
30  m  m  copper  plate  to  a  short  metal  string 
cloth  to  improve  the  thermal  endurance 
and  to  use  the  thinner  strings  as  shown  in 
Fig3-2  (c)  to  improve  the  electrical 
performance. 
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Abstract 

This  paper  presents  development  and 
application  of  passive  damping  device  to 
reduce  vibration  level  of  components 
induced  in  the  environmental  condition 
during  launch.  The  restraining-type  damping 
device  consists  of  2  different  materials;  one 
is  a  visco-elastic  material  with  high  damping 
ratio  and  the  other  is  a  restraint  material  with 
high  stiffness.  The  damping  device  has  been 
designed  by  modal  strain  energy  method 
calculated  by  using  finite  element  analysis, 
and  optimized  for  specific  eigen  mode  in 
order  to  achieve  high  damping  efficiency. 
Furthermore,  material  properties  such  as 
out-gas  of  these  materials  were  carefully 
tested  in  order  to  satisfy  the  specification  for 
spacecraft  use.  The  damping  device  was 
applied  on  a  spacecraft  panel  of  DRTS  (Data 
Relay  Test  Satellite)  and  achieved  about  1/4 
of  vibration  level  in  acoustic  vibration  test. 

Key  Words:  Spacecraft,  Vibration  Control, 
Damping  Material,  Visco-elastic  Material, 

Introduction 

Spacecrafts  are  exposed  in  the 
environmental  condition  such  as  acoustic 
vibration  during  launch.  On  the  other  hand, 
vibration  level  of  components  on  the 
spacecraft  should  be  suppressed  under  the 
specific  allowable  level.  For  the  purpose  of 


the  vibration  level  reduction,  use  of  damping 
material  is  known  as  effective.  Accordingly, 
in  this  paper,  restraining-type  damping 
device  is  developed  and  optimum  size  is 
examined  to  maximize  the  damping  effect. 
Moreover,  the  application  of  the  damping 
device  to  the  spacecraft  structures  is 
described. 

Optimum  Size  of  Damping  Device 

In  case  of  using  a  damping  device,  it 
is  important  to  optimize  the  location,  length 
and  thickness  of  a  damping  device,  in  order 
to  maximize  the  effect  of  attenuation  without 
increasing  the  mass  of  the  damping  device. 
Accordingly,  the  effect  of  the  damping 
device  size  to  the  loss  factor  was  investigated 
by  a  theoretical  analysis. 

Analytical  model 

Figure  1  shows  an  analytical  model  for  a 
small  element,  dx,  in  case  that  a 
restraining-type  damping  device  is  stuck  to  a 
spacecraft  structure’s  panel.  Figure  1(a) 
represents  the  undeformed  shape  and 
Fig.  1(b)  represents  the  deformed  shape.  Here, 
the  axial  displacement  at  the  center  of  the  ith 
layer,  that  is,  a  CFRP  layer,  is  u,-,  and  the 
shear  strain  of  the  [/+l]th  layer,  that  is,  a 
visco-elastic  layer  or  a  honeycomb  layer,  is 
Yi+i.  In  addition,  the  axial  force  and  the 
flexural  stress  of  the  visco-elastic  layer  or  the 
honeycomb  layer  can  be  neglected,  since  the 
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elastic  moduli  of  these  layers  are  extremely 
small  compared  with  that  of  the  CFRP 
layer[lj.  In  Fig.l(b),  the  shear  strain,  yi+ 1,  of 
the  [/+l]lh  layer  after  the  shear  deformation 
results  in  the  following  equation  according  to 
a  geometrical  relationship. 


expressed  by  the  following  equation, 
provided  that  loss  factors  are  assumed  to  be  0 
for  all  layers  except  for  the  visco-elastic 
layer. 

%  -nWM  (4) 


where,  U  is  the  thickness  of  the  ith  layer.  Next, 
Fig.l(c)  shows  the  equilibrium  of  a  laminated 
element.  Here,  F  is  the  tensile  force  working 
on  the  CFRP  layer,  and  r  is  the  shear  stress 
operating  on  the  visco-elastic  layer  or  the 
honeycomb  layer.  A  relationship  leading  to 
dFj  =  rulbdx  -x;_pdx  is  obtained  from  the 
equilibrium  of  force  in  the  x  direction.  By 
substituting  F  -  Etb(du/dx )  and 
r  =  Gy  into  the  above  equation,  the 
following  equation  are  obtained. 


d  2u 

Ec*i  ~~t  “  gmYm  ~Gi-iYi-i 
dx 


(2) 


For  i= 1  and  j'=2n-l,  Eq.(2)  can  be  written, 


where,  rjv  is  the  loss  factor  of  the 
visco-elastic  layer,  Wv  is  the  shear  strain 
energy  of  the  visco-elastic  layer,  and  Wa 
denotes  the  total  strain  energy  of  the  area 
with  the  damping  device. 

In  order  to  maximize  the  effect  of 
attenuation,  the  optimum  size  of  the  damping 
device  that  gives  the  maximum  770  should  be 
calculated. 


(c)  Equilibrium  of  1  laminated  element 

Fig.l  Analytical  model 


Ech~^-G2y2 

£  t  ^  U2n-\  _Q  y 
^cl2n-i  ^2  ~  KT2n-2f  2n-2 


(3) 


where,  n  is  the  number  of  CFRP  layers,  Ec  is 
the  elastic  modulus  of  the  CFRP  layer  and  (7, 
is  the  shear  modulus  of  the  visco-elastic  layer 
or  the  honeycomb  layer.  The  relationship 
between  axial  displacement,  u,  shear  strain,  y, 
in  each  layer  and  deflection,  w,  can  be 
calculated  from  Eqs.  (1),  (2)  and  (3). 

Also,  since  the  loss  factor  is 
expressed  as  the  ratio  of  the  dissipation 
energy  to  the  total  strain  energy  within  one 
cycle  in  the  eigen  mode[2],  the  loss  factor,  770, 
of  the  area  with  the  damping  device  is 


Results  of  Numerical  calculation 
The  loss  factor,  770,  was  calculated  by 
changing  the  length  of  the  damping  device, 
thickness  and  shear  modulus  of  the 
visco-elastic  layer.  Calculation  parameters 
used  in  the  analyses  are  shown  in  Table  1. 
The  relationship  between  the  visco-elastic 
layer  thickness  and  rjo  is  shown  in  Fig.2.  770 
has  a  maximum  value  at  the  certain  thickness 
of  visco-elastic  layer.  Furthermore,  the  larger 
the  shear  modulus  in  the  visco-elastic  layer 
and  the  longer  the  length  of  damping  device 
becomes,  the  thicker  the  optimum  thickness 
of  visco-elastic  layer  gets. 

From  the  above,  it  is  important  to 
determine  the  optimum  thickness  of 
visco-elastic  layer  considering  the  length  of 
the  damping  device  and  shear  modulus  of  the 
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visco-elastic  material,  in  order  to  use  the 
damping  device  effectively. 


o.ot  o.i  1  10 

Thickness  of  Viscoelastic  layer,  t  mm 


Thickness  of  Viscoelastic  layer,  t  v  mm 


Thickness  of  Viscoelastic  layer,  t  mm 


Fig.2  Relationship  between  loss  factor,  rjo, 
and  thickness  of  visco-elastic  layer 


Application  of  Damping  Device  to 
Spacecraft  Structure’s  Panel 

The  specific  eigen  mode  of  the  DRTS 
structure’s  panel  calculated  by  FEM  is  shown 
in  Fig.3.  In  order  to  reduce  the  vibration 
response  in  this  mode,  three  pieces  of  the 
damping  device  with  44  mm  in  width  and 
450  mm  in  length  is  stuck  on  the  point  A  of 
the  panel.  The  thickness  of  the  visco-elastic 
layer  was  determined  as  5  mm  to  maximize 
the  effect  of  attenuation  on  the  basis  of  the 
results  in  the  former  section. 


Fig.  3  Specific  eigen  mode  of  the  panel 

Estimation  of  reduction  effect  on  vibration 
level 

The  loss  factor  of  the  whole  structure  after 
applying  the  above  damping  device  to  the 
spacecraft  structure’s  panel  is  calculated  by 
the  modal  strain  energy  (MSE)  method. 

In  the  following,  the  reduction  effect 
of  the  vibration  level  is  investigated  by 
comparing  the  response  with  and  without  the 
damping  device.  The  displacement  Xj  at  a 
certain  point  becomes  as  follows. 


Table  1  Calculation  Parameters 

Damping  device 

Length  : 

Visco-elastic  layer 

/  (mm) 

300,450,600 

Thickness 

:  t  (mm) 

0.01~10 

Shear  modulus  : 

G  (Pa) 

2,5,10  X106 

Loss  Factor  : 

t ? 

1.0 

Constraint  layer  (CFRP) 

Thickness 

:  t  (mm) 

10 

Elastic  modulus  : 

E  (Pa) 

1.15  X1011 

Honeycomb  sandwich  panel 

Face  sheet  layer  (CFRP) 

Thickness 

:  t  (mm) 

0.36 

Elastic  modulus 

:  E  (Pa) 

1.15  X1011 

Honeycomb  core  lay 

er  (2nd  layer) 

Thickness 

Shear  modulus 

:  t  (mm) 

AlfJl _ 

34.0 

1.12X108 

(a>)  =  \  *<t>kiFk 

1  frf  m((-<u2  +  rjicojca  +  co,2) 
= /3  (to)  x<pkiF 


(5) 


where,  <pjt ,  (j>ki  are  vector  components  of  the 
response  point  j  and  the  loaded  point  k  for  the 
following  ith  mode,  and  (Oi  and  m,  are  the 
natural  frequency  and  modal  mass  of  the 
following  ith  mode,  respectively.  The 
generalized  force  <pkiFk  is  assumed  to  be  the 
same  with  and  without  the  damping  device, 
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the  reduction  ratio  of  the  response  is  obtained 
by  comparing  P{w)  .  In  addition,  the 
reduction  ratio  of  the  PSD  of  acceleration  is 
obtained  by  comparing  |g>2/?(co) j2  in  the 

same  method.  Table  2  shows  a  comparison  of 
maximum  response  around  300  Hz  with  and 
without  the  damping  device.  The  values  in 
the  table  were  normalized  by  the  response 
without  the  damping  device.  As  shown  in 
Table  2,  the  PSD  of  acceleration  was 
expected  to  be  reduced  to  28%  by  the 
damping  device. 


Table  2  Analytical  Results 
(Comparison  of  maximum  response) 


Analytical  Case 

Displacement 

Acceleration 

PSD 

w/o  damping  device 

1.0 

1.0 

w/  damping  device 

0.58 

0.24 

Acoustic  vibration  test 
The  damping  device  was  applied  to  DRTS 
structure’s  panel  and  an  acoustic  vibration 
test  was  carried  out.  The  DRTS  panel  with 
the  damping  device  is  shown  in  Fig.4.  In 
addition,  as  the  experimental  results, 
acceleration  PSD  with  and  without  the 
damping  device  are  shown  in  Fig.5.  The 
acceleration  PSD  response  with  the  damping 
device  was  reduced  to  25%  compared  to 
without  the  damping  device,  which  satisfied 
the  allowable  specifications  of  the  loaded 
equipment.  Furthermore,  the  experimental 
results  show  very  good  agreement  with  the 
analytical  results,  which  shows  that  the 
analytical  technique  is  effective  enough  to 
estimate  the  effect  of  the  damping  device. 


Fig.4  DRTS  panel  with  damping  device 


(a)  without  damping  device 


Fig.5  Experimental  Results 


Conclusions 


A  damping  device  was  developed  to 
reduce  the  vibration  level  of  a  spacecraft 
panel.  Moreover,  the  damping  device  was 
applied  to  DRTS,  Data  Relay  Test  Satellite. 
Results  are  summarized  as  follows: 

(1)  Optimum  thickness  of  visco-elastic  layer 
was  obtained  in  order  to  maximize  the 
effect  of  damping  device,  considering  the 
length  of  the  damping  device  and  shear 
modulus  of  the  visco-elastic  material. 

(2)  A  simple  technique  was  proposed  in 
order  to  estimate  the  reduction  of 
vibration  level  with  the  damping  device. 

(3)  The  acoustic  vibration  test  results  show 
very  good  agreement  with  the  analytical 
estimation,  and  the  vibration  level  with 
the  damping  device  satisfied  the 
allowable  specifications  of  the  loaded 
equipment. 
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ABSTRACT 

The  spectrometer  (SPC)  was  set  on  the 
Space  Flyer  Unit  (SFU)  to  observe  the 
degradations  of  space  use  polymers  against 
the  space  circumstances  and  to  observe  the 
luminous  phenomena  according  to  the 
interaction  with  space  vehicle  and  space 
plasmas.  The  bare  Upilex,  aluminized  Upilex 
and  gold  coated  Upilex  were  selected  for  real 
time  observations.  Another  samples  were 
analyzed  after  the  retrieve  of  the  SFU. 

SPC  has  been  operated  in  a  good 
condition  for  about  ten  months.  The 
transmittances  for  aluminized  and  gold 
coated  Upilex  increase  according  as  time.  On 
the  contrary,  the  transmittance  for  bare 
Upilex  decreases  according  as  time.  These 
data  are  quite  consistent  with  the  results  of 
laboratory  simulation  experiment  prior  to 
launch  of  SFU.  SPC  was  able  to  observe  the 
luminous  spectra  N,  H,  N2,  H2,  NH3  and 
continuum  associated  with  the  exhaust  of 
thruster. 

Key  Words:  Degradation  of  materials, 
Spectroscopic  observation,  SFU. 


INTRODUCTION 

Many  space  vehicles  have  been  put  on 
the  lower  earth  orbit.  An  atomic  oxygen  is 
most  abundant  in  this  region  except  for  the 
UV  light  from  the  sun.  It  is  pointed  out  that 
the  surface  of  vehicle  was  degraded  by 
interacting  with  the  atomic  oxygen  and  UV 
light  and  some  luminous  phenomena  appear 
around  a  vehicle  by  interacting  with  space 
plasmas  and  surrounding  gases  come  from 
thruster  and  out  gas[l].  It  is  observed  that  the 
atomic  oxygen  has  induced  the  degradation 
and  the  mass  loss  of  material  by  striking  the 
surface  of  vehicle.  The  details  of  these 
mechanisms  are  obscure  in  spite  of  many 
observations.  The  real  time  observation  is 
inevitable  to  reveal  these  phenomena. 

SPC  has  been  constructed  for  real  time 
investigation  to  reveal  above  phenomena. 
These  observations  have  been  planned  on  the 
basis  of  the  laboratory  simulation  experiment 
prior  to  launch  of  SPC.  [2,3]  The  bare  Upilex 
(aromatic  polymer),  aluminized  Upilex,  and 
gold  coated  Upilex  were  selected  as  typical 
space  use  polymer.  The  degradation  of  these 
polymer  was  able  to  observe  in  real  time  by 
measurement  of  transmittance  of  laser  diode 
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light.  SPC  was  able  to  observe  the  luminous 
phenomena  associated  with  the  exhaust  of 
thruster. 

EXPERIMENTAL  SET-UP 


circumstances.  SPC  was  able  to  observe  the 
spectra  around  the  SFU  from  ram  to  wake 
side  by  the  rotation  of  object  mirror.  [4] 
Another  samples  attached  on  the  panel  of 
SFU  were  analyzed  after  retrieve  of  SFU. 


SPC  was  constructed  for  real  time 
measurements  of  space  circumstances  and 
degradation  of  space  use  materials.  SPC  was 
modified  from  the  commercial  type 
monochrometer  CT- 10  (JASCO  Co.  Ltd.).  It 
had  the  grating  of  1200  grooves/mm,  focal 
length  was  10  cm,  and  aperture  ratio  was  F3. 
The  covering  range  of  spectra  was  from  200 
to  800  nm  with  resolution  of  3  nm.  The 
spectral  intensity  were  sensed  by  a 
photomultiplier  R-928  (Hamamatsu  Co. 
Ltd.). 


Fig.  1  Setup  for  real  time  monitor. 

#1:  Alminized  Upilex,  #2:  Gold  coated 
Upilex,  #3:  Bare  Upliex 


Three  space  use  materials  have  been  set 
on  the  side  panel  of  SPC.  Each  diode  laser 
light  beam  (ML64110C;  Mitsubishi  Electric 
Co.,  Ltd.)  pass  through  the  sample  was 
introduced  to  the  entrance  slit  of  SPC  by  an 
object  mirror  rotated  by  step  motor  (Fig.l). 
Three  samples  were  a  bare  Upilex  (Ube 
Industries  Ltd.),  aluminized  Upilex,  and  gold 
coated  Upilex.  Both  thickness  of  aluminum 
and  gold  were  14  nm  and  the  coated  side  was 
set  in  order  to  expose  to  the  space 


OBSERVED  RESULTS 


The  SFU  and  SPC  have  been  operated  in 
a  good  condition  for  about  ten  months  after 
the  launch.  The  large  amount  of  data  for 
optical  transmittance  and  luminous  spectra 
have  been  gathered  Time  dependencies  of 
transmitting  intensity  of  laser  diode  light 
were  obtained  against  two  wave  lengths 
(775.2  nm  and  778.3  nm).  Typical  analyzed 
data  are  shown  in  Fig.  2.  The  transmittance 
for  bare  Upilex  decreases  according  as  the 
elapse  of  time  in  the  space  circumstances. 
The  transmittances  for  both  aluminized 
Upilex  and  gold  coated  Upilex  increase. 
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Fig.2  Time  variations  of  real  time  trans¬ 
mittances  obtained  by  SPC  at  X  =1152  nm. 


The  surface  of  samples  were  analyzed  by 
using  various  microscopic  and  spectroscopic 
method  after  the  retrieve  of  SFU. [4]  Surface 
reflection  optical  microscope  was  used  to 
observe  the  surface  morphology.  Scanning 
probe  microscopic  observations  were  earned 
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out  by  SPI  3700  (Seiko  Inst.)  connected 
atomic  force  microscope  and  friction  force 
microscope  mode  with  resolution  of  2.5  x  2. 5 
mm2.  Scanning  electron  microscopic 
observations  were  earned  out  by  using  JOEL 
2000FX  at  the  acceleration  voltage  of 200  V 
Spectroscopic  transmittances  were  observed 
by  using  Bio-Rad  FTS  600  FT-IR 
spectrometer  in  wavelength  range  from  8000 
cm'1  to  200  cm'1.  The  electron  spectroscopy 
for  chemical  analysis  were  performed  at 
room  temperature  under  a  vacuum  lower 
than  2  x  10"9  Torr  with  Hewlett-Packard 
Model  5650A. 


surface.  It  is  determined  that  this  dust 
contained  SiOx  by  the  result  of  electron 
Fig.4  Surface  etching  images  on  gold 
surface  by  the  scanning  probe  observation. 
The  diameter  of  gold  particle  increases. 


Fig.3  Optical  microscopic  observation  of 
Upilex  surface,  (a)  no  flight,  (b)  retrieved 
after  10  months  flight  in  the  space, 
(magnification:  X100) 

Substantial  amount  of  damage  was 
recognized  on  the  surface  of  Upilex  by  the 
optical  microscopic  observation  as  shown  in 
Fig.3.  For  instance,  many  scratch  of  micron 
order  which  were  produced  during  the 
processing  were  observed  on  the  surface,  but 
all  lines  vanished  after  the  flight  Some  dust 
or  space  debris  was  found  on  the  gold 


spectroscopy  for  chemical  analysis.  It  is 
assumed  that  SiOx  has  come  from  the  silicon 
adhesive  used  for  the  SFU  frame  and 
instruments.  The  surface  etching  was 
observed  in  picture  of  scanning  probe 
observation  (Fig.4).  The  average  particle 
diameter  was  7.2  nm  and  27.5  nm  in  the  100 
mm2  area.  [5] 


Exp. 1995. 7. 18  /  Mirror  Angle=45.18  degree 
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Fig.  5  Observed  spectra  associated  with 
exhaust  of  thruster. 


SPC  caught  some  luminous  phenomena 
around  the  SFU.  When  the  object  mirror  was 
set  in  the  direction  of  thruster  No.4  at  the 


313 


SPC  Wave  Length  (nm) 


mirror  angle  of  45.18  degrees,  strong  spectra 
were  obtained  for  every  exhaust  of  thruster 
gas.  Typical  spectra  are  shown  in  Fig.5. 
Mass  analyzed  data  of  surrounding 
atmospheres  is  shown  in  Fig.6  when  thruster 
was  exhausted. 

DISCUSSION 

SFU  was  in  the  lower  earth  orbit.  In 
this  orbit,  the  atomic  oxygen  density  is  5  x 
107  cm'3,  Helium  density  is  2x  106  cm'3,  and 
atomic  hydrogen  density  is  3xl05  cm'3.  In 
the  space,  atoms,  ions  and  high  energy 
radiation,  especially  UV  light  from  the  sun, 
degrade  the  space  use  materials  considerably. 
The  source  of  another  particles  is  the  out  gas 
from  satellite  itself  and  the  thruster  to  control 
satellite.  Atoms  and  ions  collide  with 
spacecraft  at  a  relative  speed  of  more  than  8 
km/s.  This  seems  to  be  enough  energy  to 
interact  with  the  surface  of  satellite. 
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Fig.6  Mass  analyzed  data  associated  with 
exhaust  of  thruster,  (a)  after  30  sec, 
(b)  just  after. 


In  the  laboratory  experiment,  the 
transmittance  of  polymer  decreased  by 
oxygen  ion  beam  irradiation.  Same  tendency 
occurred  in  the  case  of  UV  light 
irradiation.  [3]  Surface  color  changed  from 
the  original  yellow  to  brown  for  both 
irradiation,  and  transmittance  of  laser  diode 
light  decreases  by  irradiation.  But,  both 
transmittances  of  aluminized  Upilex  and  of 
gold  coated  Upilex  increased  by  the  oxygen 
ion  beam  irradiation.  [2]  Optical 
transmittance  increases  up  to  6.8  times  if  all 
of  aluminum  layer  was  sputtered  out. 
Transmittance  of  aluminized  Upilex 
increased  up  to  1.6  times  after  ten  months 
flight.  This  value  indicates  that  about  24  % 
of  aluminum  layer  became  thinner  during  the 
flight  of  10  months.  This  value  indicates  that 
all  of  14  nm  aluminum  layer  may  sputter  out 
after  more  than  50  months  flight.  Up  and 
down  form  of  transmittance  data  in  real 
flight  indicates  the  fact  that  contamination 
adhere  and  sputtered  out  continuously.  SiOx 
has  came  from  the  silicon  adhesive  used  for 
the  SFU  frame  and  instruments.  The  same 
tendency  occurs  in  the  data  of  gold  coated 
Upilex.  Optical  transmittance  increases  to  20 
times  when  all  of  gold  layer  was  sputtered. 
Increase  of  transmittance  indicates  that  gold 
coated  layer  also  became  thinner  a  little,  but 
not  so  much  as  aluminum.  This  data 
indicates  that  all  of  14  nm  gold  layer  may 
sputter  out  after  more  than  70  months  flight. 
Transmittance  of  bare  Upilex  decreased 
according  as  the  time  during  exposure  to 
space.  This  is  same  as  the  laboratory 
irradiation  experiments  of  oxygen  ion  beam 
and  UV  light [2]  These  facts  indicate  that 
atomic  oxygen  sputtered  out  some  of 
aluminum  and  gold  layer  (mass  loss),  and 
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that  atomic  oxygen  and  UV  light  cut  the 
polymer  chain.  Moreover,  it  was  found  that 
the  surface  of  retrieved  Upilex  was  etched  by 
the  optical  microscopic  observation  (Fig.3). 
The  surface  of  retrieved  gold  was  aggregated 
by  the  sun  or  cosmic  radiation  in  the  space 
(Fig-4). 

The  thruster  gas  dissociates  to  N2,  H2, 
NH3,  etc.  by  the  catalysis  after  exhaust  as 
follows;  Fig.  6  shows  mass  analyzed  data  of 
surface  gas  environment  of  SFU  after 
exhaust  of  thruster.  The  spectra  of  N,  O,  NH, 
OH,  and  H20  were  appear  in  the  mass 
analyzed  data.  If  spectral  resolution  of  SPC 
is  kept  in  mind,  observed  spectra  633.8  run 
coincides  with  1st  positive  band  of  N2,  and 
391.9  nm  coincides  with  1st  positive  band  of 
N2  and  N2+.  454.7  nm  coincides  with  N2+,  and 
561.6  nm  coincides  with  with  spectra  of  N 
and  FT.  The  intensity  of  633.8  nm  is  usually 
strong,  and  561.6  nm  is  fairly  strong,  but 
391.9  nm  is  weak.  These  spectra  are 
coincident  with  the  mass  analyzed  data 
These  spectra  came  from  the  shock  heated 
plasmas  at  the  surface  of  SFU,  because  its 
speed  will  be  enough  to  dissociate  and  ionize 
the  ejected  gas. 

CONCLUSION 

SPC  was  able  to  detect  the  defects  of 
space  use  materials  by  the  real  time 
observation  of  optical  transmittance.  It  is 
concluded  that  the  surface  of  Upilex  was 
oxidized  and  polymer  chain  was  broken  by 
the  space  plasmas  and  the  solar  UV  light, 
and  that  aluminum  and  gold  were  suffered 
mass  loss  by  the  space  plasmas.  The  surface 
of  satellite  was  not  clean  but  contamination 
such  as  SiOx  had  come  from  the  silicon 


adhesive  used  for  the  SFU  frame  and 
instruments.  Strong  spectra  such  as  N2  and 
N2+  were  observed  associated  with  the 
exhaust  of  thruster  Another  luminous 
spectra  were  quite  weak  and  were  under  the 
detectable  limit  of  SPC. 
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Abstract 

HOPE-X  (H-IIA  Orbiting  Plane 
Experimental)  is  a  Japanese  experimental 
reentry  vehicle  which  has  been  developed  by 
National  Aerospace  Laboratory  (NAL)  and 
National  Aerospace  Development  Agency 
(NASDA). 

Recently,  the  program  has  experienced 
thorough  design  change  to  achieve  low-cost, 
lightweight  and  short  schedule.  The 
structure  design  concept  was  totally  revised 
to  meet  these  demands  and  the  design 
solution  is  all-composite  (CFRP)  mono- 
coque  structure,  instead  of  conventional 
aluminum  semi-monocoque  structure.  To 
demonstrate  feasibility  of  the  design  and 
manufacturing  process,  full-scale  structural 
model  was  built  as  a  prototype. 

This  paper  presents  outline  of  the  prototype 
structure  development,  structure  design 
feature,  and  related  element  tests. 

Key  Words  :  reentry  vehicle,  all¬ 
composite,  honeycomb  sandwich  panel, 
non-autoclave  curing  technology 


Introduction 

HOPE-X  is  a  Japanese  experimental 
reentry  vehicle  which  has  been  developed  by 
NAL  and  NASDA.  It’s  about  13m  in  length, 
lOm  in  width  .  Fig.l  shows  the  outlook  of 
HOPE-X.  Recently,  the  structural  concept 
was  total  revised  to  achieve  low-cost, 
lightweight  and  short-schedule.  Design 
solution  to  these  demands  is  all-composite 
monocoque  structure  using  non-autoclave 
curing  technology. 


Fig.l  Outlook  of  HOPE-X 


To  demonstrate  feasibility  of  the  design  and 
manufacturing  process,  it  was  decided  to 
build  full-scale  structural  testing  model  as  a 
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prototype.  There  are  following  3  objectives 
in  this  prototype  development : 

(1)  To  acquire  capability  of  designing  and 

manufacturing  lightweight,  all¬ 

composite  structure  with  low  cost. 

(2)  To  establish  innovative  development 

frame  work  cooperating  with  a  venture 
company. 

(3)  To  conduct  static  load  test  and  to 

validate  analytical  prediction  as  well  as 
design  and  manufacturing  themselves. 

Preliminary  design  started  in  April,  2000 
and  vehicle  assembly  will  be  competed  by 
the  middle  of  August,  2001.  It  is  only  17 
months  from  start  to  finish,  which  is  quite 
drastic  schedule  compression  as  a  project  of 
this  scale. 

In  this  prototype  model  development,  new 
attempt  to  cooperate  with  a  venture 

company  is  tried.  A  company  with  much 
experience  in  designing  and  manufacturing 
composite  structure  is  involved  along  with 
NAL/NASDA/MHI.  In  order  to  effectively 
proceed  with  this  project,  design  Built  Team 
(DBT)  consisting  of  selected  engineers  from 
each  organization  or  company  is  organized. 

Design  Concept  and  Material 

Composite  Primary  Structure 
The  primary  structure  is  mostly  made  of 
honeycomb  sandwich  panel  (OX  aluminum 
core  and  CFRP  face  sheets).  Structural 
concept  is  shown  in  Fig.  2.  Whole  structure 
is  comprised  of  only  2  large  parts,  i.e.  upper- 
fuselage  and  lower  winged-body.  The 
number  of  reinforcements  such  as  ring 
frames  and  longerons  is  minimized  to  reduce 
manufacturing  costs. 

Most  parts  are  jointed  via  adhesive  bonding 
to  reduce  the  number  of  fasteners  and  hence 
assembly  cost.  The  exception  is  a  wing 
upper  skin  where  fastener  joint  is  used  to 
allow  access  to  the  internal  equipments.  All 
control  surfaces,  nose  cap  and  leading  edge 


are  out-of-scope  of  this  prototype  develop¬ 
ment  because  they  will  be  made  of  another 
material  with  higher  heat  resistant  capability. 


{Upper  fuselage) 


Fig.2  Structural  Concept 
Material  Selection 

To  select  composite  material  for  HOPE-X 
primary  structure,  following  requirements 
are  considered  : 

(1)  Pre-cured  at  lOOdeg-C  or  lower. 

(2)  Cured  only  with  vacuum  pressure 

(3)  Post-cured  in  free-standing  state 

(4)  Tg  higher  than  190  deg-C 

(5)  Prepreg  outlife  longer  than  30  days 

(6)  Wide  process  window 

The  first  3  requirements  are  indispensable 
for  low-cost  manufacturing  of  future  launch 
vehicles.  With  these  requirements  satisfied, 
curing  without  autoclave  is  possible  and 
large  composite  parts  which  won’t  fit  in  a 
autoclave  can  be  manufactured.  This  leads 
to  reduction  in  the  number  of  parts  and 
reduction  in  assembly  cost.  Low  tempe¬ 
rature  pre-cure  and  freestanding  post-cure 
are  important  as  well  to  eliminate  expensive 
tooling. 

As  there  were  no  off  the-shelf  materials  to 
meet  these  requirements,  graphite/epoxy 
composite  material  was  newly  developed. 
The  new  material,  TR30/#850  produced  by 
Mitsubishi  Rayon,  can  be  pre-cured  around 
100  deg-C  with  vacuum  pressure  and 
maintain  service  temperature  of  160  deg-C 
after  post-cure  around  180  deg-C.  Pre¬ 
liminary  results  regarding  unidirectional 
mechanical  properties  are  shown  in  Fig.3. 
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Fig.3  Basic  Mechanical  Properties 


Process  Window 

Wide  process  window  is  quite  important  for 
low-cost  manufacturing  in  that  rigorous 
control  of  cure  condition  is  unnecessary.  In 
the  early  stage  of  material  development, 
coupon  tests  were  conducted  to  evaluate 
impact  of  cure  condition  on  the  quality  of 
laminates. 


Effect  of  cure  pressure  was  of  primary 
concern  because  it’s  usually  difficult  to 
apply  ideal  vacuum  pressure  during 
fabrication  of  large  parts.  Test  specimens 
were  prepared  with  different  cure  pressure, 
i.e.  lOOkPa  and  90kPa  and  cross  section  of 
the  laminates  was  inspected  There  was  no 
quality  reduction  observed. 

Effect  of  cure  temperature  was  also 
evaluated.  It  was  confirmed  that  variation  of 
pre-cure  temperature  has  little  impact  to  the 
quality  of  laminates  as  long  as  post-cure  is 
conducted  in  proper  condition.  Based  on 
these  evaluations,  process  specification  is 
prepared  which  allows  variation  of  cure 
condition  as  much  as  possible. 


Initial  Design  Results 

Structure  design  was  conducted  considering 
primary  load  conditions  and  stiffness 
requirements.  All  the  primary  load  condi¬ 
tions  are  aerodynamic  pressure  during 
ascent  phase  when  dynamic  pressure  is 
much  severe  than  the  other  flight  phases. 
Most  of  stiffness  requirements  are  deter¬ 
mined  to  prevent  aeroelastic  and  aero¬ 
dynamic  problems. 

As  a  result  of  initial  design,  it  was  found  out 
that  stiffness  is  a  primary  design  driver. 
Sensitivity  analysis  was  conducted  to 
determine  effective  distribution  of  skin 
thickness  and  layout  of  structural  parts.  The 
design  results  are  shown  in  Fig.4  and  Fig.5. 
Although  CFRP  lay-up  is  mostly  quasi¬ 
isotropic,  structural  weight  is  expected  to  be 
reduced  by  more  than  20%  compared  to 
equivalent  aluminum  structure. 


Face  Sheet  Thickness  (One  side  of  sandwich  panel) 


-Gray  area  :  0.8mm 

-Yellow  area  :  2.4mm 

-Dark  green  area  :  3.2mm 

-Light  blue  area  :  4.0mm 


Fig.  4  Skin  Thickness 


(*)  Upper  Fuselage  and  Upper  Wing  Skin 


are  not  shown. 

Fig.  5  Layout  of  Structural  Parts 
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Related  Structural  Tests 
Element  Tests 

Various  element  tests  have  been  conducted 
to  acquire  basic  strength  and  stiffness  data. 
Fig.6  shows  peel  test  for  bonded  T-joints. 
As  bonded  joint  of  this  type  is  extensively 
used  for  assembly,  its  strength  capability, 
especially  peel  strength,  is  one  of  the  key 
factors  to  determine  feasibility  of  the  design. 
Test  results  shows  excellent  peel  strength 
higher  than  lOON/mm. 


Fig.  6  T-Joint  Peel  Test 


Component  Tests 

In  addition  to  element  tests,  component 
tests  are  conducted  to  confirm  structural 
integrity  of  critical  area.  Total  7  area  were 
selected.  2  of  them  are  structure  with 
significant  compression  load  and  the  rest  of 
them  are  bonded  joints.  Fig.7  shows  the 
compression  test  result  of  a  longeron,  which 
is  located  at  mid  fuselage  and  takes  com¬ 
pression  load  due  to  fuselage  bending. 
There  was  no  unexpected  failure  mode(such 
as  blooming)  at  unacceptably  low  load. 


Fig.7  Longeron  Compression  Test 


Recent  Status 

Manufacturing  of  upper  fuselage  and 
lower  winged-body  have  been  complete 
already  as  shown  in  Fig. 8  and  Fig.9.  These 
two  assemblies  were  just  coupled.  Post-cure 
will  be  conducted  early  August  in  this 
coupled  configuration.  Static  load  test  is 
currently  scheduled  in  October,  2001. 


Fig.  8  Lower  Winged-body  Assembly 


Fig.  9  Upper  Fuselage  prior  to  Coupling 
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Abstract 

National  Aerospace  Laboratory 
(NAL)  and  National  Aerospace 
Development  Agency  of  Japan  (NASDA) 
have  developed  an  experimental  reentry 
vehicle,  HOPE-X,  for  several  years. 
Presently,  the  full-Scale  structural  model  of 
HOPE-X  is  making  of  carbon  fiber 
reinforced  plastic  (CFRP)  as  a  prototype  and 
the  low  temperature  curing  type  of  resin  is 
used  to  fabricate  with  oven-curing 
technology. 

This  prototype  model  has  been  used  to  verify 
experimentally  reliability  of  the  structure  that 
was  made  of  CFRP  with  newly  low  cost 
manufacturing  technology.  Therefore,  we 
implemented  structural  monitoring  in  the 
manufacturing  process  with  health 
monitoring  technique  and  will  measure 
deformation  of  the  structure  in  some 
structural  tests  that  are  scheduled  for  October 
2001. 

In  this  paper,  structural  monitoring  with 
fiber-optic  strain/temperature  sensors 
conducted  during  post-cure  of  manufacturing 
process  is  described.  We  will  also  present 
results  of  the  structural  tests  in  our 
presentation  of  the  conference. 

Key  Words:  CFRP,  cure,  fiber-optic  sensor, 
monitoring 


Introduction 

HOPE-X,  which  is  shown  in  Fig.l,  is 
an  experimental  reentry  vehicle  developed  by 
NAL  and  NASDA  for  several  years.  It  is 
about  13m  long,  9m  width  and  planned  to  be 
launched  by  H-IIA  [1].  In  the  beginning  of 
the  project,  we  were  planning  to  make  it  as  a 
conventional  aluminum  semi-monocoque 
structure.  But  it  generally  requires  the  initial 
cost  because  of  a  huge  number  of  structural 
parts  and  tooling.  Therefore,  the  aluminum 
structure  was  changed  into  all-composite 
structure.  It  was  expected  that  this  drastic 
change  would  be  useful  to  reduce  not  only 
the  cost  but  also  the  weight  of  the  vehicle. 


Fig.l  Outlook  of  HOPE-X 

Presently,  the  full-Scale  model  of  HOPE-X  is 
making  of  CFRP  and  the  low  temperature 
curing  type  of  resin  is  used  to  fabricate  with 
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oven-curing  technology  instead  of  a  large 
and  expensive  autoclave. 

In  the  manufacturing  process,  high 
temperature  post-cure  in  free-standing  state 
was  performed  after  low  temperature 
pre-cure  and  assembling  with  bond  in  order 
to  give  the  CFRP  structure  heat-resistance. 
However,  if  temperature  distribution  of  the 
structure  isn’t  uniform  during  post-cure,  the 
process  could  lead  to  unexpected  damage  or 
deformation.  Then  the  unwilling  deformation 
might  degrade  the  strength. 

Therefore,  we  implemented  post-cure 
monitoring  by  using  fiber-optic  strain  and 
temperature  sensors  and  health  monitoring 
technique.  In  this  paper,  we  present  on  the 
results  of  the  post-cure  monitoring  with 
fiber-optic  sensors  after  we  describe  about 
the  design  and  the  manufacturing  of 
HOPE-X  made  of  CFRP.  These  sensors  will 
be  also  used  for  structural  tests  in  October 
2001.  So  the  results  of  structural  tests  may  be 
presented  at  the  conference. 

Design  and  Manufacturing  of  HOPE-X 

Most  components  of  HOPE-X  are 
made  of  advanced  composite  materials 
(ACM)  such  as  CFRP,  either  with  single 
skinned  or  sandwich  structures.  The  primary 
structure  is  comprised  of  two  large  parts,  i.e. 
upper-fuselage  and  lower  winged-body,  and 
a  number  of  reinforcement  such  as  ring 
frames  and  longerons.  They  are  mostly 
jointed  by  adhesive  bonding.  Fig.2  shows  the 
structural  concept  schematically  and  this 
concept  leads  to  a  reduction  of  assembly  cost. 
Composite  material  for  HOPE-X  is 
TR30/#850  which  is  newly  developed  by 
Mitsubishi  Rayon.  This  graphite/epoxy 
composite  material  can  be  cured  at  100  ‘C 
with  vacuum  pressure.  This  means  that  we 
don’t  need  an  expensive  autoclave  and  aren’t 
restricted  by  the  autoclave  size. 

A  reentry  vehicle  such  as  HOPE-X  is 
required  to  have  heat-resistance  close  to 
AL-alloy.  TR30/#850  is  able  to  stand  service 
temperature  of  160  after  post-cure  at 


180*0.  So  we  planned  to  post-cure  at  1800 
in  free-standing  state  to  give  the  structure 
heat  resistance  after  pre-curing  the  structural 
components  at  100O  with  vacuum  pressure 
and  assembling  them  by  bonding  joints. 


Fig.2  Structural  Concept  of  HOPE-X 


Post-Cure  Monitoring 

In  the  post-cure  process,  unexpected 
damage  or  deformation  might  occur  due  to 
uneven  temperature  distribution  in  the 
structure.  So  we  attempted  to  monitor  the 
strain  and  temperature  distribution  during 
post-curing.  For  post-cure  monitoring, 
sensing  system  was  significant  and  it  was 
required  to  measure  strain  and  temperature 
distribution  accurately  and  easily  in  the 
factory.  We  selected  two  types  of  fiber-optic 
sensors  for  the  monitoring,  because  they  had 
advantage  of  distributed  sensing  in  a  field 
test.  We  describe  these  advantages  on 
fiber-optic  sensors  below,  and  then  we 
reported  the  sensing  system  and  the  results  of 
the  post-cure  monitoring. 

Fiber-Optic  Sensors 

Recently,  fiber-optic  sensors  have  been 
developed  actively,  and  one  can  measure 
nearly  all  of  the  physical  measurands  of 
interest  by  them.  Since  they  also  have 
excellent  characteristics  such  as  high 
sensitivity,  freedom  from  electromagnetic 
interference,  good  mechanical  characteristics 
and  distributed  configuration,  they  have  been 
applied  to  “smart  structures”  or  “health 
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monitoring” 

Capability  of  quasi  or  fully  distributed 
sensing  is  especially  significant  advantage 
compared  to  conventional  sensors.  Quasi 
distributed  sensing  system  makes 
measurements  at  a  number  of  spatially 
selected  points,  usually  with  the  purpose  of 
detecting  a  parameter  field  of  interest  such  as 
strain  or  temperature.  On  the  other  hand, 
folly  distributed  sensing  system  allows 
information  about  a  parameter  field  to  be 
obtained  at  any  arbitrary  point  along  the 
sensor  length. 

Brillouin  optical  time  domain  reflectometry 
(BOTDR)  developed  by  NTT  is  a  fully 
distributed  sensor  and  can  measure  strain  and 
temperature  along  the  length  of  a  fiber  [2],  It 
was  applied  to  the  monitoring  of  the  concrete 
setting  temperature  in  a  major  dam  at  the 
Swiss  Alps  and  the  structural  health 
monitoring  of  a  Japanese  racing  yacht  for 
America’s  Cup  [3,4]. 

Fiber  Optic  Temperature  Laser  Rader  (FTR) 
developed  by  HITACH  is  also  a  folly 
distributed  sensor  and  can  measure 
temperature.  It  has  been  used  for  fire  alarm 
systems  of  coal-mine  shafts,  tunnel  and  etc. 
In  order  to  measure  strain  and  temperature 
distribution,  we  used  both  BOTDR  and  FTR 
that  were  already  commercialized. 

Sensing  System 

The  sensing  system  comprised  BOTDR,  FTR 
and  sensing  fibers.  The  specifications  of 
BOTDR  and  FTR  are  shown  in  Table  1.  The 
sensing  fibers  were  also  required  to  stand 
curing  temperature,  180'C,  as  well  as  the 
CFRP  structure.  Therefore,  coating  material 
was  more  important  than  core  and  clad 
materials  that  had  sufficient  heat-resistance. 
A  conventional  optical  fiber  coated  with 
ultraviolet  curable  resin  as  the  sensing  fiber 
of  BOTDR  (outside  diameter  =  0.25mm)  was 
used.  On  the  other  hand,  Teflon  coating  fiber 
(outside  diameter  =  0.90mm)  was  used  for 
FTR.  Although  the  ultraviolet  curable  resin 
coating  changed  in  quality  at  180‘C,  the 
sensing  performance  of  BOTDR  didn’t 


change  in  the  feasibility  study. 

These  sensing  fibers  were  installed  in  the 
outside  of  the  CFRP  structure  after 
assembling  the  structural  components  that 
had  been  pre-cured.  Fig.3  shows  the  sensing 
fiber  on  the  upper-fuselage  of  HOPE-X. 
They  were  arranged  in  longitudinal  direction 
and  near  the  opening  of  the  upper-fuselage 
because  we  were  interested  in  global 
longitudinal  deformation  and  considered 
adverse  effect  of  the  free  boundary  along  the 
opening.  Both  sensing  fiber  for  BOTDR  and 
FTR  were  54.8m  in  length. 

In  order  to  measure  strain  distribution  of  the 
structure  with  temperature  variation  by 
BOTDR,  it  is  necessary  to  compensate  for 
temperature  effect.  Since  we  were 
monitoring  the  temperature  distribution  by 
FTR,  it  was  easy  and  adequate  method  to  use 
FTR  temperature  data  for  temperature 
compensation  of  BOTDR  strain  data. 
Compensated  strain  distribution  is  given  by 

£(z)  =  Asbotdr(z)-ATFTr(z)x20  (fie)  (1) 

where  e(z )  is  compensated  strain  value  at  a 
point  along  the  sensing  fiber,  Aebotdr(z)  is 
difference  between  initial  strain  measured  by 
BOTDR  before  post-cure  and  strain 
measured  during  post-curing.  ATFTr(z)  is 
difference  between  initial  temperature 
measured  by  FTR  and  temperature  measured 
during  post-cure.  Since  the  readout 
resolutions  of  BOTDR  and  FTR  are  0.1m  and 
lm  respectively,  we  could  only  compensate 
measured  strain  by  lm.  But  even  if 
temperature  in  the  structure  was  considered 
not  to  change  for  lm,  a  measurement  error 
didn’t  always  increase  because  measured 
temperature  was  already  average  value 
regulated  by  the  spatial  resolution.  The 
coefficient  of  ATptr(z),  20 fie,  is  used  to 
convert  into  strain. 


Table  1  Example  of  Table 


BOTDR 

FTR 

Strain  accuracy 

±30  pe 

NA 

Temperature  accuracy 

±ix: 

±1^ 

Spatial  resolution 

lm 

3m 

Readout  resolution 

0.1m 

lm 
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Fig.3  Sensing  fibers  on  HOPE-X 


Results 

Before  post-cure,  we  measured  strain  and 
temperature  as  initial  value  by  BOTDR  and 
FTR.  Then  measurements  were  implemented 
at  appropriate  intervals.  Fig.4  shows 
temperature  distributions  measured  by  FTR. 
The  letters  in  Fig.4,  from  a  to  1,  and  z, 
correspond  the  position  marked  with  the 
letters  along  the  sensing  fiber  in  Fig.3. 
Temperature  changed  from  30^  to  170^3 
during  post-cure.  When  strain  distribution 
was  measured  by  BOTDR  after  post-cure, 
temperature  was  about  40*0.  Temperature 
distributions  are  almost  uniform  in  the 
structure,  so  we  can  say  that  temperature  in 
the  oven  was  controlled  adequately. 


Fig.4  Result  of  FTR 


Strain  in  the  structure  gradually  increased  by 
about  400pe  as  shown  in  Fig.5.  After 
post-cure,  the  CFRP  structure  contracted 
overall  and  strain  was  about  -400pe.  Strain 


values  near  the  ingress/egress  point,  z,  were 
remarkable  because  it  was  boundary  between 
the  sensing  fiber  and  the  lead  fiber.  However, 
it  seems  that  there  wasn’t  extraordinary  strain 
during  and  after  post-cure.  Therefore,  it 
wasn’t  supposed  that  the  post-cure  process 
led  to  unexpected  damage  or  deformation. 


Fig.5  Result  of  BOTDR 


Conclusions 

By  using  fiber-optic  sensors,  we 
could  successfully  monitor  strain  and 
temperature  distribution  of  HOPE-X  made  of 
CFRP  during  post-cure,  and  we  assured  the 
structural  quality  from  the  results.  We  can 
also  access  residual  stress  after  curing 
process  and  will  make  use  of  the  results  in  the 
structural  tests  scheduled  in  October  2001. 
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Abstract 

Due  to  oxidation  sensitivity  of  car¬ 
bon  fibres  above  400°C  the  use  of  C/C, 
C/SiC  or  C/C-SiC1  for  thermal  protection 
systems  (TPS)  of  reusable  aerospace  vehi¬ 
cles  is  limited  under  atmospheric  reentry 
conditions.  Therefore  oxidation  protection 
coatings  are  inevitable  in  terms  of  reusabil¬ 
ity  and  reliability  of  structures  based  on  C- 
fibres.  An  effective  two-layer  coating  sys¬ 
tem  on  C/C-SiC  has  been  developed  in  order 
to  improve  both  oxidation  protection  and 
erosion  resistance.  While  the  base  layer 
consists  of  CVD-SiC,  the  outer  erosion 
protection  layer  is  composed  of  low  pressure 
plasma  sprayed  yttrium-silicate.  The  coating 
system  was  qualified  on  C/C-SiC  specimens 
by  several  test  campaigns  in  a  plasma  wind 
tunnel  at  temperatures  up  to  1650°C.  The 
thermal  shock  resistance  was  confirmed  by 
tests  within  a  solar  furnace  with  the  result  of 
a  very  good  adhesion  to  the  bonding  layer. 
Now  it  will  be  applied  to  larger  structural 
components  of  C/C-SiC. 

Key  Words:  yttrium-silicates,  oxidation 
protection,  coating,  plasma  spraying 


1  C/C-SiC  -  A  special  type  of  C/SiC  composite 
developed  and  manufactured  by  DLR. 


Introduction 

The  first  effort  in  using  reinforced 
ceramic  composites  for  advanced  heat  shield 
components  was  conducted  in  the  1970's  on 
structures  to  be  used  on  the  shuttle  orbiter 
vehicles  [1].  Here  the  nose  cap  and  the 
leading  edge  of  the  wings  are  designed  with 
C/C  which  is  protected  by  an  outer  layer  of 
silicon  carbide  against  oxidation.  Present 
TPS  concepts  are  mostly  based  on  C/SiC  or 
C/C-SiC  [2,3].  Though  C/C-SiC  shows 
relatively  high  erosion  resistance  compared 
to  C/C,  it  is  necessary  to  protect  the  carbon 
fibres  from  oxidation  in  terms  of  durability 
of  the  structural  components.  So  far  numer¬ 
ous  efforts  to  develop  more  effective  coating 
systems  were  made  using  different  coating 
techniques  and  multilayer  systems  [4,5].  In 
order  to  be  successful,  it  is  very  important 
that  the  coating  technique  itself  supports 
both  applicability  and  maintenance  on  larger 
structural  components  as  well  as  repair- 
ability  of  possibly  damaged  surface  areas 
after  the  vehicle's  flight. 

Oxidation  Protection 

As  depicted  in  Fig.  2,  there  are  a  few 
critical  factors  which  have  to  be  considered 
when  selecting  materials  for  external  oxida¬ 
tion  protection  coating  systems.  Mechanical 
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compatibility  is  the  most  important  issue 
concerning  adhesion  to  the  underlying  sub¬ 
strate.  The  coefficient  of  linear  thermal 
expansion  (CTE)  of  the  coating  material  has 
to  be  similar  of  that  of  the  substrate  to  avoid 
higher  stresses  at  the  interface.  Parallel  to 
the  carbon  fabric  the  CTE  of  C/C-SiC  does 
not  exceed  1.5-10^  K’1  (RT-1700°C).  Thus 
the  thermal  expansion  of  the  coating  materi¬ 
als  has  to  be  quite  low.  As  shown  in  Fig.  1, 
the  bonding  layer  which  stays  in  direct 
contact  to  the  carbon  fibres/matrix  has  to 
prevent  any  carbon  diffusion  to  the  outer 
coating  system  in  order  to  avoid  carbo- 
thermic  reduction  of  oxidation  resistant 
layers  that  are  based  on  oxide  or  silicate 
materials.  On  the  other  hand,  for  effective 
oxidation  protection,  the  top  layer  must 
provide  a  barrier  to  inward  diffusion  of 
oxygen.  Furthermore  one  must  consider  that 
under  reentry  conditions  the  material  is 
exposed  to  hypersonic  gas  streams  in  a  low 
pressure  and  high  temperature  environment 
which  demands  low  volatility  for  the  surface 
material  of  the  multilayer  coating  to  attain 
adequate  erosion  resistance. 


OXYGEN 

|N  VOLATILITY 

I  \/ 

_ COATING  | _ 


COATING  1 

|  SUBSTRATE 

CARBON 

OUT 

CHEMICAL  + 
MECHANICAL 
COMPATIBILITY 

Fig.l  Criterias  for  oxidation  protection 
layers  on  C/C-SiC 

As  already  suggested,  there  is  no  single 
material  which  fulfils  all  issues  mentioned 
above.  Thus  multilayer  coating  systems 
seems  to  be  the  best  solution.  In  this  study 
the  low  pressure  plasma  spraying  (LPPS)  of 
yttrium-silicates  was  performed  on  SiC- 
precoated  C/C-SiC  substrates.  The  SiC 
‘bonding  layer’  is  an  efficient  carbon  diffu¬ 
sion  barrier  and  was  applied  by  chemical 
vapour  deposition  (CVD)  performed  by  an 
industrial  supplier.  There  are  two  different 
compounds  that  are  known  in  the  system 


Y203-SiC>2  [6].  Both  silicates  show  a  rather 
high  melting/decomposition  temperature 
(Y2Si05:  1980  °C;  Y2Si207:  1775  °C)  and  a 
very  low  CTE  (e.g.  Y2Si05:  4.8-10'6  K'1  / 
RT-1430  °C)  and  -  compared  to  other  ce¬ 
ramic  materials  -  quite  low  oxygen  perme¬ 
ability  as  well  as  low  volatility  at  tempera¬ 
tures  near  the  melting  point  [7]. 

Low  Pressure  Plasma  Spraying 

The  development  of  spray  parame¬ 
ters  was  performed  with  a  DC  low  pressure 
plasma  spray  installation  operated  by  DLR 
in  Stuttgart.  Here  a  computer-controlled 
robot  system  for  precise  guidance  of  the 
plasma  torch  inside  the  pressure  chamber 
allows  coating  deposition  at  less  than  100 
hPa  on  substrates  of  up  to  1  m2  in  size.  The 
plasma  jet  leaves  the  torch  by  passing  a 
Mach  3  Laval-nozzle  with  spray  particle 
velocities  exceeding  800  m/s  [8].  The  coat¬ 
ing  thickness  of  the  yttrium-silicate  layers 
varies  between  100  and  200  pm  and  the 
temperature  during  deposition  was  measured 
by  thermocouples  1.5  mm  underneath  the 
substrate’s  surface  to  be  between  950  °C  and 
1200  °C.  In  this  study  two  yttrium-silicate 
powders  of  different  chemical  composition 
were  sprayed,  as  listed  in  Table  1 . 

Table  1  Plasma  spray  powders 


Powder  1  Powder  2 

Composition 

Y203:Si02  50:50  wt.-%  75:25  wt.-% 

Particle  size  8-25  pm  5-30  pm 

Phase  content  Y2Si207  +  Si02  Y2Si05  +  Y2Si207 


Fig.  2  shows  a  cross  section  of  the  two  layer 
coating  system  -  LPPS-yttrium-silicate  (top) 
and  CVD-SiC  (bottom).  This  coating  was 
obtained  from  powder  1  (Table  1).  The 
silicate  layer  (thickness:  130  pm)  is  inter¬ 
spersed  by  angular  -  sometimes  even 
spherical  shaped  -  particles  of  amorphous 
silica.  These  Si02  particles  are  residuals 
from  the  spray  powder  particles  that  did  not 
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melt  inside  the  plasma  jet  within  the  short 
traverse  time  of  approximately  10‘3  s. 


Fig.2  Cross  section  of  plasma  a  sprayed 
yttrium-silicate  coating  (SEM) 


Thus  they  are  projected  to  the  substrate  by 
the  plasma  jet  and  embedded  by  solidified 
droplets  of  yttrium-silicate  during  the  coat¬ 
ing  build-up.  Due  to  the  high  kinetic  energy 
of  the  spray  particles,  the  dense  silicate 
material  does  not  show  the  typical  porous 
‘pancake-structure’  usually  known  from 
plasma  sprayed  coatings.  As  a  result,  coat¬ 
ings  with  less  than  4  %  porosity  are  depos¬ 
ited.  Due  to  a  certain  mismatch  of  the  CTE 
between  coating  and  substrate,  microcracks 
-  induced  by  tensile  stresses  -  have  been 
observed  in  the  plasma  sprayed  layer.  The 
mean  width  of  these  cracks  is  about  2-3  pm. 
It  is  confirmed  by  thermogravimetric  meas¬ 
urements,  that  these  microcracks  are  closed 
at  temperatures  above  1000  °C  because  of 
the  larger  thermal  expansion  of  the  coating 
material. 

Qualification  Tests 

The  specimens  were  tested  with  re¬ 
spect  to  the  thermal  shock  resistance  as  well 
as  to  the  oxidation  protection  efficiency  of 
the  coating  system  under  simulated  reentry 
conditions.  For  thermal  shock  conditions  a 
solar  furnace  was  used  which  is  operated  by 
DLR  in  Cologne.  Reentry  simulation  was 
performed  within  the  plasma  wind  tunnel 
test  facility  (PWK)  at  the  Institute  of  Space 
Systems  (IRS,  University  Stuttgart). 


Solar  furnace  tests 

The  samples  were  exposed  to  5  cycles  be¬ 
tween  room  temperature  and  1400  °C  (test 
condition  1)  and  also  between  room  tem¬ 
perature  and  1600  °C  (test  condition  2).  Fig. 
4  shows  the  test  condition  2  for  cycling  up 
to  1600  °C.  The  mean  thermal  gradient  was 
about  20  K/s.  Obviously  the  relative  mass 
loss  of  coated  material  is  rather  low  com¬ 
pared  to  that  of  uncoated  C/C-SiC. 


time  [s] 


Fig.4  Relative  mass  loss  of  coated  and 
uncoated  C/C-SiC  under  thermal 
shock 

After  the  tests  at  high  temperatures  there 
was  no  visible  change  on  the  surface  of  the 
specimen’s  coating,  except  the  colour.  Final¬ 
ly  the  samples  were  tested  in  the  most  criti¬ 
cal  temperature  range  between  700  °C  and 
1100  °C  by  rapid  multiple  thermal  cycling. 
However,  both  types  of  coatings  (Y2Si05 
/Si02  and  Y2Si207/Y2Si05)  show  moderate 
relative  mass  loss  rates  of  less  than  1 .7  %. 

Arc  jet  testing 

According  to  the  well  defined  test  parame¬ 
ters  which  were  obtained  by  reentry  simula¬ 
tions  with  SiC  coated  C/C-SiC  [9],  the  total 
pressure  was  chosen  to  be  4.1  mbar.  For  the 
possibility  of  direct  comparison  of  speci¬ 
mens  with  different  coating  systems,  the 
first  tests  with  the  2-layer  LPPS/CVD  coat¬ 
ing  system  were  performed  at  1350  °C. 
Because  no  visible  degradation  was  ob¬ 
served  after  23  min  at  maximum  tempera¬ 
ture,  it  was  decided  to  go  on  with  tests  at 
1500  °C,  1600  °C  and  1650  °C.  The  specific 
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mass  loss  [%] 


mass  loss  rates  of  the  specimens  are  de¬ 
picted  in  Fig.  6.  Some  local  hot-spots  were 
observed  on  the  plasma  sprayed  surface 
layer  as  the  temperature  exceeded  1650  °C. 
By  the  following  SEM  investigation,  these 
spots  have  been  identified  as  archings  which 
obviously  are  the  result  of  the  generation  of 
a  gaseous  phase  (e.g.  CO  and/or  SiO). 


Fig.6  Specific  mass  loss  rates  of  C/C-SiC 
with  different  coatings  [9] 

Examination  by  EDX  and  XRD  has  proven 
that  the  plasma  sprayed  silicates  remain 
chemically  stable  even  at  temperatures  up  to 
1650  °C. 

Conclusions 

The  tests  have  proven  that  plasma  sprayed 
yttrium-silicate  layers  show  very  low  ero¬ 
sion  effects  under  reentry  conditions  as  well 
as  high  thermal  shock  resistance  with  good 
adherence  to  SiC  coated  C/C-SiC  materials. 
The  2-layer  system  of  a  plasma  sprayed  top 
coating  in  combination  with  a  thin  CVD-SiC 
bonding  layer  performs  adequate  oxidation 
protection.  Evaluation  by  SEM  and  creep 
tests  up  to  1250  °C  indicate  that  plasma 
sprayed  yttrium-silicate  forms  a  dense  glass¬ 
like  top  layer  of  high  viscosity  when  ap¬ 
proaching  the  melting  point  at  approxi¬ 
mately  1700  °C.  After  successful  qualifica¬ 
tion  of  specimens  protected  by  the  new 
coating  system,  the  current  work  now  con¬ 
tinues  with  upscaling  the  LPPS  technique 
for  applications  on  larger  structural  C/C-SiC 
components  of  a  TPS  system.  Some  initial 
practical  experiences  in  terms  of  off-angle 


plasma  spraying  with  a  more  complex 
shaped  structure  were  achieved  by  coating  a 
complete  C/C-SiC  panel  of  approximately 
40  x  41  cm  as  it  is  shown  by  its  rear  side  in 
Fig.  7. 


Fig.7  Rear  side  of  a  C/C-SiC  panel  with  a 
plasma  sprayed  coating  of  yttrium- 
silicate 
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Abstract 


To  develop  high  performance  thermal  protection 
technologies  for  atmospheric  re-entry  vehicles,  we 
conducted  research  on  the  erosion  mechanism  of 
Carbon/Carbon  (C/C)  materials  with  Chemical 
Vapor  Deposited  (CVD)-SiC  thermal  protection 
coatings.  We  evaluated  the  oxidation  and  erosion 
phenomena  and  believe  that  the  quality  of 
CVD-SiC  thermal  protection  coatings  is  one  of 
most  the  important  factors. 

We  prepared  high-purity  CVD-SiC  samples  for 
this  research  and  conducted  static  heating  tests  to 
compare  the  oxidation  phenomena  with  those  of 
C/C  materials.0  ),(2)  The  results  show  that  the 
phenomena  should  be  reviewed  and  the  samples 
investigated  once  again.  This  paper  describes  the 
newest  outcomes. 

1.  Introduction 

High  performance  thermal  protection  systems 
(TPS)  are  essential  for  space  transportation 
systems  to  withstand  the  severe  conditions  during 
the  atmospheric  re-entry  phase.  To  establish  the 
basic  technologies  for  TPS,  we  conducted  research 
on  the  erosion  characteristics  of  C/C  materials  with 
CVD-SiC  thermal  protection  coatings.(3),(4)  The 
C/C  materials  are  composed  of  the  C/C  substrate, 
the  conversion  SiC  layer  and  the  CVD-SiC  layer. 
The  C/C  substrate  provides  lightweight,  high 
temperature  strength,  and  the  CVD-SiC  layer 
provides  oxidation  resistance.  The  conversion  SiC 
layer,  which  is  chemically  converted  from  the  C/C 
substrate,  attaches  the  CVD-SiC  layer  to  the  C/C 
substrate.  For  some  cases,  a  glass  seal  is  applied  to 
prevent  oxygen  from  penetrating  through  cracks 
formed  during  production.  The  oxidation  and 
erosion  phenomena  of  the  applied  CVD-SiC  must 
be  then  examined  under  the  atmospheric  re-entry 
environments  to  evaluate  the  thermal  protection 
characteristics  of  the  C/C  materials. 

SiC  exhibits  two  types  of  oxidation  behavior, 
passive  and  active  oxidation,  depending  on  the 
surrounding  pressure  and  temperature 
combinations.  Passive  oxidation,  as  expressed  by 
equation  (1),  is  observed  under 


high-pressures/low-temperature  combinations.  A 
protective  Si02  film  prevents  further  oxidation  and 
no  mass  loss  is  observed. 

SiC  +  3/2  02  ->  Si02  (s)  +  CO  (g)  T  (1) 

Active  oxidation,  as  shown  in  equation  (2),  occurs 
under  low-pressures/high-temperature  conditions. 
No  protective  films  are  expected,  and  SiC  erosion 
is  observed  because  of  significant  SiO  vapor 
formation. 

SiC+  02— »  SiO  (g)  T  +  CO  (g)  T  (2) 

The  active-to-passive  oxidation  transitions  are 
different  for  the  types  of  crystals,  impurities  and 
production  methods.(S)  Therefore,  it  is  important  to 
investigate  the  transitions  of  the  proposed 
CVD-SiC  to  evaluate  the  erosion  characteristics 
the  C/C  materials. 

Research  on  C/C  materials  had  been  conducted 
through  the  cooperation  with  the  National 
Aerospace  Laboratory  (NAL)(3)  and  Institut  fur 
Raumfahrtsysteme  Universitat  Stuttgart  (IRS).(4) 

Static  heating  and  plasma  wind  tunnel  tests  were 
performed  to  evaluate  the  erosion  characteristics  of 
the  four  kinds  of  materials  shown  in  Table  1 .  One 
of  the  important  outcomes  is  that  the  quality  of  SiC 
is  important  for  evaluating  the  erosion  phenomena. 


Table  1  Materials  evaluated  in  the  cooperative 
research 


C/C  materials 

Si02/B203  glass 
seal 

Type  A 

No  glass  seal 

Type  B 

SiC  substrate 

Sintered  SiC 

Type  C 

CVD-SiC 

Type  D 

High-purity  CVD-SiC  (Type  E)  was  selected  to 
investigate  the  oxidation  phenomena  due  to  the 
quality  of  SiC.  We  performed  static  heating  tests  to 
determine  the  active-to-passive  oxidation 
transitions.0  ),(2)  The  transitions  were  different, (2) 
and  further  investigations  are  necessary.  This  paper 
describes  the  newly  acquired  results  from  the 
samples  investigated. 
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2.  Samples 

The  remarkable  feature  of  the  Type  E  sample  is 
high  purity.(I),(2)  The  degree  of  the  impurities  is  on 
the  order  of  parts  per  billion  (ppb),  and  the 
influence  of  the  impurities  on  the  oxidation 
behavior  can  be  considered  minimum. 

3.  Experiments 

We  performed  static  heating  tests  using  the 
Ultra-high  Temperature  Oxidation  Sublimation 
Machine, (l),(2)  shown  schematically  in  Fig.  1,  at 
Japan  Ultra-high  Temperature  Research  Center 
(JUTEM).  The  apparatus  consists  of  a  Xe  lamp, 
ellipsoidal  mirror,  douser,  low-pressure  chamber, 
sample  support,  pyrometer,  evacuation  system,  and 
gas  feeder. 


Figure  1  Schematic  diagram  of  Ultra-high  Temperature 
Oxidation  and  Sublimation  Machine 

The  schematic  diagram  of  the  experimental 
system(2)  is  shown  in  Fig.  2.  The  sample  was 
placed  on  the  attachment,  installed  in  a 
low-pressure  chamber,  mounted  on  the  sample 
support,  and  heated  by  a  Xenon  lamp  and 
ellipsoidal  mirror.  Since  ultraviolet  light 
contained  in  the  Xenon  ray  may  accelerate  the 
SiC  erosion,  we  placed  protective  materials 
(CVD-SiC  and  Sintered  SiC)  on  the  upper 
surface  of  the  sample. 

The  support  pins  were  placed  between  the 
attachments  and  the  dummy  to  prevent  their 
contact.  The  sample  temperatures  were  measured 
primarily  by  the  thermo-couple  and  by  the 
pyrometer  for  backup. 


Xc  Ray  Dummy 


Figure  2  Schematic  of  the  experimental  system 


4.  Results 

We  investigated  the  samples  based  on  outer 
appearance  and  the  surface  Scanning  Electron 
Microscope  (SEM)  observations.  We  observed 
damage  of  CVD-SiC  crystals  and  generation  of 
glassy  materials.  Typical  examples  are  shown  in 
Fig.  3  with  one  unheated  sample. 

Crystal  of  CVD-SiC 


(a)  Unheated 

Damaged  CVD-SiC  crystal 


(b)  1560cC-100Pa 


330 


Glassy  material 


(c)  1560t'C-2000Pa 
Figure  3  SEM  observations 


In  addition,  we  observed  generation  of  glassy 
material  and  slight  damage  of  CVD-SiC  crystals 
for  some  samples.  A  typical  example  is  shown  in 
Fig.  4.  SiC  was  identified  by  Electron 
Spectroscopy  for  Chemical  Analysis  (ESCA). 


Glassy  material 


Figure  4  Investigation  of  the  ISOOTl-SOPa  case 

5.  Discussion 
5.1  Erosion  rates 

The  erosion  rate  K  (kg/m2-H)  of  CVD-SiC  under 
static  heating  N2/02  environments  is 
schematically  shown  in  Fig.5.(6)  In  the  active 
oxidation  region,  K  increases  with  the  oxygen 
partial  pressure  to  a  maximum  value  at  the 
active-to-passive  oxidation  transition  (P02'). 
When  the  oxygen  partial  pressure  increases  above 
P02*,  K  decreases  discontinuously.  Similar 
phenomena  were  observed  in  the  previous 
research.^™ 


Oxygen  partial  Pressure 
Figure  5  Typical  erosion  behavior  of  CVD-SiC 

The  acquired  erosion  rates (2)  are  shown  in  Fig.  6. 
Plus  (minus)  means  a  mass  decrease  (gain).  The 
maximum  erosion  rates  were  observed  at  50Pa/ 
1560°C,  and  at  75Pa/1650tC.  The  erosion  rate  at 
10Pa/1500  °C  exceeds  those  of  the  same 
temperature. 


1  10  100  1000  10000  100000 
Pressure  (Pa) 


Figure  6  Acquired  erosion  rates 

5.2  Oxidations 

According  to  5.1  above,  the  active-to-passive 
oxidation  transition  should  be  located  at  1500^ 
/10Pa,  1560°C/50Pa,  and  1650°C/75Pa. 

However,  we  observed  damage  of  CVD-SiC 
crystals  at  higher  pressures  as  shown  in  Fig.  3(b). 

In  addition,  we  observed  both  glassy  material 
generation  and  damage  of  CVD-SiC  crystal  as 
shown  in  Fig.  4. 

Based  on  the  previous  evaluations/ l),(2)  the 
generation  of  the  glassy  material  means  passive 
oxidation,  and  the  damage  of  CVD-SiC  crystal 
means  active  oxidation. 

The  results  of  the  1560°C/100Pa  case  mean  the 
erosion  rates  decreased  in  spite  of  active  oxidation 
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occurred.  The  results  of  the  1500°C/30Pa  case 
mean  both  passive  and  active  oxidation  occurred. 
The  further  investigation  on  the  mixing  of  passive 
and  active  oxidation  is  necessary. 

5.3  Active  to  passive  oxidation  transition 

Based  on  the  above,  we  suggested  a  new 
active-to-passive  transition  of  Type  E  as  shown  in 
Fig.  7  in  comparison  with  those  of  previous 
research.(l)M7)  The  transition  of  the  Type  E  sample 
is  located  within  previously  reported  results.(2) 


Temperature  fC) 


Figure  7  Comparison  of  the  active  to  passive 
transitions 

6.  Concluding  remarks 

(1)  We  determine  a  new  active-to-passive 
oxidation  transition  of  high-purity  CVD-SiC 
mainly  by  SEM  observations. 

(2)  Further  investigation  on  the  mixing  of  passive 
and  active  oxidation  is  necessary. 

7.  Suggested  future  works 

(1)  The  experimental  methods  should  be  improved 
to  investigate  the  mixing  of  both  oxidations. 

(2)  Plasma  wind  tunnel  tests  should  be  performed 
to  investigate  the  oxidation  phenomena  of 
CVD-SiC  under  the  plasma  flow  conditions. 
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Abstract 

An  ion  beam  optics  for  a  20-cm-diam. 
lkW-class  microwave  discharge  ion  thruster 
was  fabricated  and  tested.  The  optics 
consists  of  three,  1-mm-thick,  flat,  carbon- 
carbon  (C/C)  composite  panels  with  about 
2800  holes,  whose  3-mm-diam.  holes  were 
mechanically  drilled  and  positioned  in 
±0.02  mm  accuracy.  When  mounted  on  an 
aluminum  ring,  the  intervals  of  three  grids 
were  kept  at  0.5  mm  by  three  sets  of 
spacers,  and  in  an  operation  with  a 
microwave  plasma  source,  the  ion  beam 
current  of  more  than  200  mA  was 
successfully  extracted. 

Introduction 

Nowadays  ion  thrusters  are  recognized  as 
one  of  the  most  efficient  spacecraft 
propulsion  system  that  are  used  for 
optimizing  many  near  earth  sattelites,  or 
even  for  propelling  interplanetary 
explorers.[l]  As  shown  in  Fig.l,  our  ion 
thruster  has  microwave  powered  plasma 
sources  and  an  ion  optics  that  extracts  and 
accelerates  ions[2];  then  a  thrust  is  produced 
as  a  repulsive  force.  The  ion  engine’s  edge 
over  other  thrusters  relies  heavily  on  its  high 
exhaust  velocity  which  is  an  order  of 
magnitude  larger  than  conventional 
chemical  rocket  engines.  If  the  propellant  is 
exhausted  at  a  high  velocity,  propellant 


mass  can  be  saved  because  only  small 
amount  of  propellant  is  needed  to  produce 
the  same  thrust.  This  will  benefit  the 
satellite  by  increasing  the  payload  mass,  or 
much  longer  mission  time  is  possible  for  the 
same  amount  of  propellant  because  the 
lifetime  of  satellites  is  restricted  by  their 
fuel  consumption. 


Neutralizer 


Fig.  1  Schematics  of  Microwave 

Discharge  Ion  Thruster  System. 

The  above  mentioned  ideal  acceleration 
will  be  conducted  by  an  ion  optics,  whose 
function  was  described  in  Fig.2.  The  large 
electric  field,  which  is  realized  between  the 
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biased  screen  grid  and  the  accelerator  grid  in 
an  interval  of  about  0.5  mm,  leads  to  the 
extraction  of  ions  from  the  plasma  source. 
This  is  because  inside  the  acceleration 
region  electrostatic  force  drives  the  ions  up 
to  1.5  kV  (corresponding  to  Xe  ion  velocity 
of  46  km/s),  and  efficient  energy  conversion 
from  electrical  energy  to  ion  velocity  is 
established.  For  the  properly  focused  ion 
beam  and  acceleration,  not  only  the  grid-to- 
grid  spacing  but  also  the  grid  hole  alignment 
have  to  be  kept  with  an  accuracy  ±  0.02  mm. 
Also,  such  an  accuracy  should  be  obtained 
for  the  entire  1-mm  thick  grid  plate.  So  far, 
molybdenum  was  usually  used  for  the  optics, 
but  even  molybdenum  has  a  limit  on 
durability  when  the  ion  bombardment  and 
corresponding  erosion  occurs.  The  grid  ero¬ 
sion  mechanism  is  explained  as  follows. 
Even  if  the  ions  are  properly  focused  when 
they  are  passing  through  a  grid  hole  of  an 
accelerator  grid,  charge  exchange  ions  are 
produced  as  a  result  of  the  interaction 
between  slow  neutral  atoms  leaking  from  the 
screen  grid  and  the  fast  ion  beam.  The 
created  slow  ions  are  attracted  to  the 
negatively  biased  accelerator  grid,  and 
steadily  erode  the  surface  of  the  accelerator 
grid.  If  the  erosion  advances  to  a  severe 
level,  beyond  which  electron  backstreaming 
of  electrons  from  the  neutralizer  occurs  due 
to  accelerator  aperture  enlargement  form 
sputter  erosion,  the  ion  extraction  and 
acceleration  in  the  space  charge  condition 
collapses  and  the  thruster  reaches  its  end-of- 
life.  The  erosion  of  the  accelerator  grid  is, 
threfore,  considered  the  most  important  life- 
limiting  factor  of  the  ion  engine.  Among 
materials  being  considered  for  the  ion 
thruster,  a  C/C  composite  is  the  most 
promising  candidate  since  that  has  high 
resistivity  than  that  of  metal  optics,  leading 
to  three  times  or  more  longer  durability  than, 
for  example,  that  of  molybdenum.  Hence, 
many  research  institutes  as  well  as 
commercial  companies  are  now  extensively 
developing  C/C  grid  for  the  ion  thruster.  [3] 


The  difficulty  of  the  C/C  ion  optics  resides 
in  contradicted  requirements:  a  precisely 
machined  thin  plate  should  be  placed  in 
structurally  strong  way  to  survive  a  very 
severe  vibrational  condition  during  the 
spacecraft  launch.  Due  to  this  difficulty,  as 
far  as  we  know,  the  100  mm  diam.  optics 
was  the  first  C/C  optics  that  was 
qualified[3] [4],  and  now  we  are  developing  a 
larger  grid  for  a  higher  power  ion  thruster. 
In  this  paper,  design,  material  selection  and 
initial  fabrication  and  testing  of  the  200-mm- 
diam.  C/C  ion  optics  were  described  and  the 
need  for  improvement  on  mechanical 
strength  was  discussed. 


Screcn(1.5kV)  AcceI(-3UOV)  Dcccl(UND) 


Fig.  2  Ion  Optics  for  Ion  Thruster. 

Design  and  Fabrication  of  C/C  Ion  Optics 

The  first  fabrication  test  of  ion  optics  for 
200  mm  diam.  ion  thruster  was  conducted. 
Even  for  very  thin  structure  of  1-mm 
thickness,  the  test  fabrication  resulted  in  a 
flatness  of  0.5mm  and  a  hole  placement 
accuracy  of  0.02  mm.  Followings  are  the 
details  of  this  optics  design. 

Geometry7  of  Ion  Optics 
270  mm  in  diameter  and  1  mm  in  thickness, 
flat,  circular  grids  were  fabricated  from  a  30- 
cm-square  C/C  panel  (Fig.3).  The  effective 
diameter  for  ion  beam  extraction  is  200  mm, 
in  which  about  2800  straight  holes  are 
drilled  and  located  in  a  3  mm  pitch.  The 
hole  diameters  are  different  for  each  grid: 
3.0  mm  for  the  screen  grid,  1.8  mm  the 
accelerator  grid,  and  2.4  mm  for  the 
decelerator  grid. 
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Selection  of  C/C  Material 

The  grids  were  fabricated  by  piling  thin  fiber 
sheets.  Each  sheet  contains  short  pitch  based 
carbon  fibers  to  obtain  a  quasi-isotropic  C/C 
reinforced  in  a  direction  parallel  to  the 
surface.  This  panel  was  also  reinforced  by 
the  chemical  vapor  infiltration  (CVI) 
process,  and  relatively  large  flexural 
modulus  was  obtained  as  is  summarized  in 
Table  1.  Other  than  short  fiber  sheets, 
woven  long  fibers  would  be  the  best  as  far  as 
mechanical  strength  is  concerned.  However, 
woven  fiber  is  impractical  for  this  case  due 
to  a  very  thin  sheet  below  1  mm,  hence  other 
kinds  of  design  is  required  for  using  long 
fibers.  For  example,  in  Ref.[5],  Mueller  et 
al.  fabricated  a  0.46-mm-thick  screen  grid  by 
piling  six  thin  sheets  consisting  of  pitch- 
based  unidirectional  long  fibers.  This  panel 
was  also  reinforced  by  the  CVI  process,  and 
larger  flexural  modulus  compared  to  the 
short  fiber  carbon  sheets  was  obtained. 
However,  the  flexural  modulus  showed 
strong  anisotropy  which  inherently  depends 
on  the  direction  of  the  unidirectional  fibers; 
furthermore,  machining  becomes  difficult 
for  these  plates,  requiring  a  laser  drilling  that 
usually  cannot  establish  a  straight  hole;  but  a 
tapered  hole  is  typically  created.  As  a  result 
of  this  fabrication  difficulty  of  the  long 
fibers,  we  decided  to  adopt  the  short  fiber 
sheets. 

Table  .1  Mechanical  Property  of  C/C 
Composite 


Density  1.85  g/cc 

Flexural  Strength  1 80  MPa 
Tensile  Strength  1 1 0  MPa 
Elastic  Coefficient  68  GPA 


Grid  Mount  Structure 

Spacing  between  each  grid  is  kept  at  0.5  mm 
intervals  by  the  rigid  mount  system  shown  in 
Fig.3.  The  C/C  grid  plates  are  mounted  via 
ceramic  spacers  to  an  aluminum  ring,  and 
the  grids  are  separated  from  each  other  by 
the  spacers.  Their  gaps  are  precisely 


adjusted  when  they  are  torqued  to  the  ring. 
With  this  fastened  grid  attachment,  the  grid 
increases  its  strength  and  the  grid-to-grid 
gap  can  be  controlled  to  ±0.04  mm  accuracy. 
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a)  Three  Grids  Mounted  on  a  Ring. 


b)  Magnified  View  of  Screen  Grid. 

Fig.  3  The  C/C  Ion  Optics. 

Initial  Tests  of  Ion  Optics 

Sputter  Yield  Measurement 

To  evaluate  the  erosion  rate  against  ion 
bombardment,  the  sputter  yield,  which  is  the 
ratio  of  eroded  atoms  against  the  influx  of 
ions,  was  measured.  The  measurement  was 
conducted  using  an  approximately  a  1 5-cm- 
diam.  DC  discharge  plasma  source  operated 
inside  a  2-m-diam.  space  chamber,  into 
which  a  test  piece  of  10  mm  x  10  mm  x  1 
mm  was  immersed.  Then  the  test  piece  was 
biased  to  a  specific  negative  value  during  a 
specific  amount  of  time,  and  the  sputter  yield 
is  calculated  as  the  ratio  between  the  eroded 
weight  against  inflow  ion  current  during  the 
test.  Usually,  the  most  severely  eroded  grid 
(accelerator  grid)  is  biased  to  around  -300  V, 
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and  for  that  typical  biasing  voltage,  the 
sputter  yield  of  0.1  was  obtained.  This  is  one 
third  that  of  molybdenum,  which  is  so  far 
used  for  many  ion  thrusters,  and  hence  the 
result  assures  three  times  of  longer  lifetime 
for  the  same  thruster  operational  condition. 

Operation  of  Ion  Thruster  System 

The  first  test  of  the  ion  optics  with  a 
microwave  plasma  source  was  conducted  in 
a  limited  low  power  condition  to  confirm  the 
applicability  of  200  mm  diam.  C/C  ion 
optics  (Fig.4).  For  a  microwave  input  power 
of  50  W,  ion  acceleration  was  successfully 
demonstrated  up  to  a  screen  voltage  of  1 .3 
kV  and  an  accelerator  grid  voltage  of  -  300 
V.  So  the  short  fiber  structure  is  applicable 
to  the  ion  thruster  if  several  hours  of  aging 
was  conducted:  in  the  aging,  some  kinds  of 
micro  edges  which  might  exist  on  the 
surface  of  the  C/C  optics  would  be  removed 
by  arcing  between  the  grids.  The  ion  beam 
extraction  is  250  mA  for  a  propellant  gas 
xenon’s  mass  flow  rate  of  6  seem,  which 
corresponds  to  a  thrust  of  15  mA  for  the 
above  biasing  condition. 


Fig.  4  Operation  of  Ion  Thruster  with  the 
C/C  Ion  Optics. 


Summary 

Typical  ion  thrusters  can  generate  a  thrust 
of  30  mN  for  an  input  electrical  power  of 
lkW,  hence,  for  example,  only  a  thrust  as 
much  as  90  mN  is  used  for  a  3  kW-class 
medium-size  spacecraft.  This  is  three  orders 


of  magnitude  lower  than  conventional 
chemical  thrusters.  Accordingly,  to  take 
advantage  of  high-specific  impulse  achieved 
by  efficient  electrostatic  acceleration  of  ions, 
these  low-thrust  ion  thrusters  are  required  to 
operate  several  tens  of  thousands  hours.  For 
a  long-life  ion  thruster,  the  C/C  composite  is 
expected  as  the  best  material  since  it  has 
both  good  sputtering  characteristics  as  well 
as  structural  strength  required  to  survive  the 
spacecraft  launch.  Hence  our  new  200  mm 
in  effective  diameter  ion  thruster  employed  a 
1-mm-thick  carbon-carbon  composite  plate 
for  an  ion  optics.  The  optics  was  attached  to 
a  microwave  plasma  source,  and  ion  beam 
was  successfully  extracted  in  a  space 
chamber  experiment. 

Although  the  above  mentioned  initial 
fabrication  and  test  was  successful,  in  order 
to  optimize  the  extraction  of  the  ion  beam, 
thinner  screen  grid  is  necessary.  What  we 
need  for  our  200  mm  diam.  optics  is  0.5  mm 
thick  grid  with  an  open  area  ratio  of  70%, 
with  which  the  total  ion  beam,  and 
correspondingly  the  thrust,  will  be  improved 
by  about  10%.  However,  reducing  the 
thickness  will  directly  weaken  the  structure. 
Hence,  it  is  important  to  study  the  structural 
response  toward  the  vibrational  condition 
during  launch,  and  to  estimate  the  ultimate 
limit  of  the  thickness.  In  addition  to  these 
evaluations,  some  trials  to  improve 
structural  strength  are  going  on  by  changing 
the  property  of  the  C/C  composite. 
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Abstract 

Titanium  matrix  composite  (TMC) 
rings  were  fabricated  by  foil-fiber-foil 
process  route  using  sprayed  coil-preforms 
and  titanium  alloy  (Ti-4.5Al-3V-2Fe-2Mo 
mass%;  SP-700)  foils.  A  continuous  SiC 
fiber  (SCS-6),  together  with  a  molybdenum 
wire  as  a  spacer,  was  wound  into  a  coil  form. 
SP-700  powder  was  then  sprayed  on  the  coil 
to  fix  the  fiber.  After  spraying,  the 
molybdenum  wire  was  easily  removed,  and 
the  fiber  spacing  of  sprayed  coil-preforms 
was  kept  very  uniform.  The  SCS-6/SP-700 
composites  were  consolidated  by  a  hot 
isostatic  pressing  at  1048K  for  2  hours  under 
an  argon  gas  pressure  of  120  MPa.  It  was 
machined  to  the  final  ring  configuration.  The 
burst  strength  of  the  TMC  ring  with  four 
notches  at  the  inside  was  evaluated  by  a  spin 
test  in  a  vacuum.  The  TMC  ring  was  burst  at 
51183  rpm,  which  is  15%  lower  than  the 
speed  calculated  based  on  the  material  data. 

Key  Words:  titanium  matrix  composite,  gas 
turbine,  spray,  spin  test 

Introduction 

SiC  fiber  reinforced  titanium  alloy 


matrix  composites  (TMCs)  are  attractive  for 
high  strength  application  in  the  aerospace 
industries.  When  titanium  alloy  bladed  rings 
(blings)  are  reinforced  in  the  hoop  direction 
by  TMCs,  about  30  to  50%  weight  saving  can 
be  expected  for  this  component  compared 
with  the  conventional  disk  and  blades  [1]. 
While  a  number  of  fabrication  methods  have 
been  used  for  TMCs,  matrix-coated-fiber 
(MCF)  process  may  be  the  strongest 
candidate  for  TMC  rings  and  disks 
manufacturing  [2].  The  MCF  process  is  a 
new  fabrication  route  for  TMCs,  which  uses 
electron  beam  physical  vapor  deposition 
(EB-PVD)  to  pre-coat  continuous  SiC  fiber 
with  a  thick  layer  of  matrix  alloy.  They  were 
Iaid-up  and  hot-pressed  to  the  finished  TMC. 
However,  the  coated  fiber  is  still  developing 
material  and  it  is  difficult  to  get  the  enough 
amount  of  the  coated  fiber. 

In  this  study,  sprayed  coil-fiber- 
preforms  were  newly  developed  to  fabricate 
a  TMC  ring  by  foil-fiber-foil  process,  and  the 
burst  spin  test  of  the  ring  was  also  carried  out. 

Experimental  Procedures 
Composite  Material 

A  continuous  SiC  fiber  (SCS-6)  and  a 
molybdenum  wire  of  0.1mm  diameter,  as  a 
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spacer,  were  wound  into  a  coil  form.  Matrix 
alloy  (Ti-4.5Al-3V-2Fe-2Mo  mass0/*  SP- 
700)  powder  was  then  sprayed  on  the  coil  to 
fix  the  fiber  using  a  low-pressurc-plasma 
spraying.  The  molybdenum  wire  was 
removed  after  spiying.  The  SCS-6/SP-700 
composite  with  24  SiC  fiber  layers  was 
fabricated  by  foil-fiber-foil  process  using  the 
sprayed  coil-preforms  and  SP-700  foils  of 
0.2mm  thickness.  They  were  consolidated  by 
a  hot  isostatic  pressing  at  1048K  for  2  hours 
under  an  Ar-gas  pressure  of  1 20MPa.  It  was 
machined  to  the  final  ring  configuration,  as 
shown  in  Fig.l.  Tow  TMC  rings  were 
fabricated  in  this  study,  and  one  was  used  for 
the  spin  test  and  the  other  for  the  cut 
inspection.  X-ray  radiographic  inspection  of 
the  TMC  ring  was  also  carried  out  to  check 
the  reinforcement  location 
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Fig.l  Dimensions  of  the  TMC  ring 


spacing  of  sprayed  coil-preforms  was  kept 
very  uniform,  and  the  average  pitch  of  fiber 
was  0.2mm.  Figure  3  shows  the  appearance 
of  the  TMC  ring  fabricated  in  this  study.  The 


Spin  Test 

The  burst  strength  of  the  TMC  ring  with  four 
notches  at  the  inside  was  evaluated  by  a  spin 
test  in  a  vacuum.  Notches  were  4mm  in  depth, 
and  they  were  located  at  the  angles  of  0,  90, 
180  and  270  degree.  The  test  ring  was 
attached  to  an  arbor  disk  with  a  drive  shaft. 
The  rotation  speed  and  vibration  of  the  shaft 
were  recorded  up  to  the  burst  speed. 

Results  and  Discussions 

TMC  Ring  Fabrication 
Appearance  of  the  sprayed  coil-preform  is 
shown  in  Fig. 2.  The  molybdenum  wire  was 
easily  removed  from  the  preforms.  The  fiber 


Fig.2  Sprayed  coil-preform;  (a)  low 
and  (b)  high  magnification. 


20mm 


Fig.3  TMC  ring  model 
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20mm 

Fig.4  X-ray  radiographic  photograph 
of  the  TMC  ring. 
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Fig.5  Cross-section  of  the  TMC  ring 

TMC  rings  were  successfully  machined  to 
the  final  configuration  without  any 
distortions  caused  by  thermal  residual  stress. 
Figure  4  shows  the  X-ray  radiographic 
photograph  of  the  TMC  ring.  The  light- 
colored  area  in  the  Fig.4  is  the  fiber- 


reinforced  area.  The  SiC  fiber  position  in  the 
ring  almost  meats  the  design  requirement 
(Fig.l),  which  was  located  in  the  range  of  the 
diameter  from  135.9mm  to  182.1mm. 

While  the  fiber  spacing  in  this  composite  ring 
was  controlled  to  be  almost  uniform,  small 
amount  of  closely  spaced  fibers  was  found, 
as  shown  in  Fig.5.  This  may  be  due  to  the 
fibers  free  from  the  constraint  of  the  sprayed 
deposit,  and  they  may  be  moved  by  the 
matrix  flow  during  the  consolidation.  At  the 
inner  and  outer  ends  of  the  fiber-reinforced 
area,  low  fiber- volume-fraction  (Vf)  parts 
were  observed  in  the  TMC  ring,  as  indicated 
by  open  circles  in  Fig.5(a).  It  seems  this  can 
not  be  helped  due  to  the  process  limitation  of 
the  foil-fiber-foil  method.  It  is  very  difficult 
to  place  preforms  with  each  end  of  the  fibers 
strictly  on  the  straight  line  along  the  staking 
direction. 

Spin  Test 

The  TMC  ring  burst  at  51183  rpm,  and  it 
broke  into  4  pieces,  as  shown  in  Fig.6.  The 
primary  failure  occurred  at  the  inner  end  of 
the  fiber-reinforced  area  in  the  TMC  ring, 
and  many  pull-out-fibers  were  observed  at 
the  primary  fracture  surface  of  the  ring,  as 
shown  in  Fig.7.  This  indicates  the  ring  was 
burst  due  to  the  tensile  overload  in  the  hoop 
direction.  Maximum  stress  of  the  ring  in  the 


Fig.6  Burst  TMC  ring 
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rotation  speed  at  5 1 1 83  rpm  was  estimated  to 
be  1383MPa  by  a  finite  element  analysis, 
which  is  85%  tensile  strength  of  the  coupon 
specimen  with  the  same  Vt  of  33%.  This 
degradation  may  be  caused  by  the  low  V,  area 
at  the  inner  end  of  fiber-reinforced  area  and 
by  the  multi-axis  loading. 


Fig.7  Fracture  surface  of  the  TMC  ring: 
(a)  primary  fracture  part,  and 
close-up  (b)  A  and  (c)  B  area. 


Conclusions 

In  this  study  sprayed  coil-prcforms 
were  newly  developed  in  order  to  fabricate 
the  titanium  matrix  composite  rings  by  foil- 
fiber-foil  process,  and  the  burst  strength  of 
the  ring  with  four  inside  notches  was 
evaluated  by  a  spin  test  in  a  vacuum. 
Considering  the  results  obtained,  our 
conclusions  are  as  follows. 

1)  The  fiber  spacing  of  the  coil-preforms 
was  kept  very'  uniform,  and  the  average 
pitch  of  the  fiber  was  0.2mm. 

2)  While  the  fiber  distribution  in  the  TMC 
ring  was  almost  uniform,  it  was  difficult 

j  to  control  the  preform  ends  to  be  straight 
■  along  the  stacking  direction. 

1  3)  The  ring  burst  at  51183  rpm.  which  is 
85%  tensile  strength  of  the  coupon 
specimen  with  the  same  fiber  volume 
fraction  of  33%. 

4)  The  primary'  fracture  of  the  ring  occurred 
at  inner  end  of  the  fiber-reinforced  area, 
and  it  was  due  to  the  tensile  overload  in 
the  hoop  direction. 
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Abstract 

In  February  2000,  the  Institute  of  Space 
and  Astronautical  Science  launched  M-V-4 
rocket  with  an  unexpected  failure.  Intensive 
post-flight  study  has  been  pursued,  and  it  has 
been  finally  concluded  that  the  failure 
originated  in  a  fracture  of  a  nozzle  throat 
insert  made  of  graphite  before  4  s  after  the 
launch.  In  the  study,  precise  analyses  of  heat 
input,  thermal  conduction  and  stress  in  that 
part  have  been  performed,  and  the  multi-axial 
Weibull  analysis  has  been,  firstly  as  the 
authors  know,  applied  to  a  real  engineering 
part.  A  design  procedure  of  a  brittle, 
thermally-stressed  part  has  been,  thus, 
established. 

Key  Words:  graphite,  fracture,  Weibull 
analysis,  solid  rocket  motor 


Introduction 

The  Institute  of  Space  and 
Astronautical  Science  (ISAS)  launched 
M-V-4  rocket  on  February  10,  2000  with  an 
unexpected  failure.  M-V  rocket  is  the  largest 
solid  propellant  satellite  launch  system  in  the 
world,  launched  first  in  1997.  M-V-4  rocket 
intended  to  launch  a  new  and  advanced  X-ray 
astronomical  observatory,  ASTRO-E,  with  a 


weight  of  1700  kg.  After  the  failure, 
intensive  study  to  trace  the  origins  has  been 
pursued,  and  it  has  been  finally  concluded 
that  the  failure  originated  in  a  fracture  of  a 
nozzle  throat  insert  made  of  graphite  before  4 
s  after  the  launch,  and  that  the  fracture  of  the 
graphite  must  have  originated  at  an  inner  or 
external  crack  preexisting  with  a  diameter  of 
3  mm  or  more. 

In  the  study,  precise  analyses  of  heat 
input,  thermal  conduction  and  stress  in  the 
throat  insert  have  been  performed,  and  the 
fracture  probability  of  the  throat  insert  has 
been  calculated  through  Weibull  analysis. 
The  theory  predicts  that  fracture  becomes 
easier  when  any  tensile  principal  stress  is 
accompanied  with  other  principal  stresses  of 
compression.  When  a  part  is  loaded  mainly 
by  thermal  stress  generated  by  its 
temperature  gradient,  any  tensile  principal 
stress  is  accompanied  with  other  principal 
stresses  of  compression.  The  above  theory 
reveals  that  the  multi-axial  effect  appears 
most  strongly  in  this  stress  state. 

In  the  present  analysis,  the  multiaxial 
Weibull  analysis  has  been,  firstly  as  the 
authors  know,  applied  to  a  real  engineering 
part,  and  a  distinct  multiaxial  effect  has  been 
revealed.  A  design  procedure  of  a  brittle, 
thermally-stressed  part  has  been,  thus, 
established. 

Fracture  statistics 
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A  brittle  material,  such  as  ceramics 
and  graphite,  fractures  through  crack 
growth  which  has  been  preexisting  in  the 
material.  Therefore  the  strength  of  the 
material  is  determined  by  the  maximum 
preexisting  crack  size  in  it,  which  is 
expressed  by  Weibull  statistics  [l].  When  a 
part  is  loaded  mainly  by  thermal  stress 
generated  by  its  temperature  gradient,  any 
tensile  principal  stress  is  accompanied  with 
other  principal  stresses  of  compression. 
Although  an  empirical  multiaxial  fracture 
rule  has  been  once  proposed  [2,3],  the 
multiaxial  fracture  statistics  is  indispensable 
for  theoretically  rigorous  analysis. 

The  uniaxial  fracture  statistics  is  given 
as  follows.  First,  we  define  the  cumulative 
fracture  probability  of  infinite  element  dv,. , 

*•{&*<, 


and  then  the  cumulative  fracture  probability 


The  distribution  of  G  is  called  the  Weibull 
distribution,  m  the  Weibull  parameter,  and  VE 
the  effective  volume. 

In  the  multiaxial  case,  formulation  has 
been  established  considering  the  mixed  mode 
fracture  by  Matsuo  [4]  and  Lamon  and  Evans 
[6].  Modification  based  on  the  empirical 
fracture  criteria,  (Aj/A]c)2+  (A],/ /<J,C)Z=1,  has 
been  done  by  Oda  et  al.  [6].  Here  K{  and  Ku 
are  mode  I  and  II  stress  intensity  factors, 
respectively,  and  c  denotes  their  critical 
values.  As  shown  in  Fig.  1,  an  infinitesimal 
element  having  a  circular  crack  of  diameter 
2c  stressed  by  (o„  o2,  cr3  .  The  growth 


criteria  of  the  crack  is  then  given  by 

1  =  k+^l4 - L_£ul] 

K, c  (l-v)  (l+v)/Cic  J  ^  nKC 


(3) 


where  oR  and  r  are  the  normal  and  shear 
stresses  on  the  crack,  respectively,  and  z  is 


the  equivalent  normal  stress  given  by 
_±_  AT2 


2_^Qr  +_i_^2T2|  ,  oR>C.  (4) 

Using  the  equivalent  normal  stress,  we  obtain 
the  multiaxial  probability  function  as 
follows: 


G  =  1  -  exp 


[i  /«„,fe)’si 


sinqp  dtp 


di> 


COS  (pH 


4  Kk 
(2  -v)2K11c2 


cos  cfsin  <p  simprf.  (5) 


Fig.l  Schematic  diagram  for  multiaxial 
fracture  statistics 


Fracture  Behavior  of  Graphite 

A  material  which  follows  Weibull 
statistics  (eq.2)  shows  a  linear  relationship 
between  ln(l/(l-G))  and  oVVm  in  a  double 
logarithmic  plot,  which  is  called  the  Weibull 
plot.  The  results  of  large  number  of  tensile 
tests  (performed  in  this  study  and  during  the 
development  of  another  rocket)  revealed  that 
the  graphite  shows  good  Weibull  statistics 
with  the  Weibull  parameter  m= 20,  as  shown 
in  Fig.  2. 

Multiaxial  fracture  behavior  was 
studied  through  compression-torsion  tests. 
Figure  3  shows  the  results  in  the  form  of 
fracture  surface  in  the  maximum  and 
minimum  principal  stresses  (oi  and  03)  plane. 
The  lines  are  theoretically  estimated  fracture 
surfaces  (eq.5).  The  weakening  by  applying 
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compressive  minimum  principal  stress  03  can 
be  clearly  observed,  and  the  data  implies  that 
KnJKlc  =1.2;  it  is  the  first  experimental 
verification  of  multiaxial  Weibull  analysis. 
The  estimation  of  1.2  is  consistent  with 
previous  ambiguous  measurements  of 
1.2-1. 4  in  graphite  [7]. 

Analysis  of  Throat  Insert 

Fracture  probabilities  of  the  throat 
insert  have  been,  then,  calculated  through 
substituting  the  stress  and  temperature 
distribution  into  the  multiaxial  Weibull 
analysis.  Here,  in  addition  to  temperature 
dependence  of  the  strength,  the  other  fracture 
modes,  compressive  and  shearing,  have  been 
also  considered.  Table  1  shows  the  results  at 
the  time  of  1  and  4  s  after  the  launch,  until 
which  the  fracture  has  been  identified  to 
initiate.  The  probabilities  in  compressive  and 
shearing  mode  have  been  also  estimated  to  be 
negligibly  small.  The  tensile  (and  thus  total) 
probabilities  are  below  0.00006-0.000009% 
at  1  s  after  the  launch  and  below  0.3-0.06% 
at  4  s. 

This  analysis  has  been  performed  with 
assumptions  giving  larger  probability  on  the 
case  of  uncertainty,  for  example,  the  heat 
input  to  the  throat  insert.  In  addition,  a 
uniform  and  infinite  stress  field  has  been 
assumed  for  each  finite  element,  though  the 
stress  field  has  shown  narrow  peaks. 
Therefore  the  probabilities  listed  in  Table  1 
indicate  the  maximum  limits.  Since  the 
maximum  limit  of  the  probability  at  4  s  after 
the  launch  has  been  calculated  below  0.3%, 
the  throat  insert  could  not  fractured  because 
of  the  insufficient  margin  of  safety. 

Many  other  possibilities  of  the  origin  of 
the  fracture  of  the  graphite  throat  insert  at  the 
very  beginning  of  the  flight  have  been 
examined  using  FTA.  Eliminating  each 
possible  origin  listed  in  FTA,  finally  we  have 
concluded  that  the  fracture  of  the  throat  insert 
must  have  originated  in  a  preexisting  inner 
crack  of  diameter  more  than  3  mm  or 


a  /a  V'lm 
0 

Fig.2  Weibull  plot  of  the  graphite 


Fig.3  Fracture  surface  of  the  graphite 


an  external  crack  of  depth  more  than  3  mm. 

Using  a  brittle  material  to  an  important 
part,  non-destructive  inspection  (NDI)  is 
indispensable,  though  that  for  graphite  has 
not  been  attempted  except  ultrasonic  testing 


343 


Table  1  Calculated  Fracture  Probability 


Time 

K,ic 

/K]C 

Tensile 

Compressive 

Total 

Fracture 

Probability 

Statistic 

Fracture 

Minimum 

Principal 

Stress 

Maximum 

Shear 

Stress 

X+ 

1  s 

1.2 

5.5E-7 

9.8E-18 

2.1E-19 

5.5E-7 

1.3 

1.8E-7 

1.8E-7 

1.4 

8.8E-8 

8.8E-8 

X+ 

4s 

1.2 

2.6E-3 

1.2E-20 

3.3E-22 

2.6E-3 

1.3 

9.9E-4 

9.9E-4 

1.4 

5.7E-4 

5.7E-4 

(UT)  for  the  components  in  the  first  high 
temperature  gas-cooled  reactor  in  Japan 
named  HTTR  [9].  Although  fracture 
statistics  cannot  determine  the  direction  of 
the  dangerous  cracks,  NDI  for  HTTR  was 
targeted  only  the  horizontal  cracks,  and  its 
reliability  is  somehow  doubtful.  We  have 
tried  the  UT  procedure,  however  we  have 
concluded  that  the  graphite  ingot  of  1070  mm 
diameter  and  350  mm  height  is  too  large  to 
obtain  sufficient  S/N  from  the  permitted 
crack  of  diameter  3  mm  orienting  to  any 
direction. 

Concluding  Remarks 

The  precise  analyses  of  heat  input, 
thermal  conduction  and  stress  in  the  throat 
insert  have  been  performed,  and  the  fracture 
probability  of  the  throat  insert  has  been 
calculated  through  multiaxial  Weibull 
analysis.  The  maximum  limit  of  the 
probability  at  4  s  after  the  launch  has  been 
calculated  below  0.3%,  which  implies  that 
the  throat  insert  could  not  fractured  because 
of  the  insufficient  margin  of  safety. 

As  a  consequence  of  the  discouraged 
conclusion  of  difficulty  in  reliable  NDI  and 
significant  engineering  development  of 
3D-C/C  composite  in  recent  years,  we  have 
decided  to  redesign  the  main  motors  of  M-V 
rocket  with  throat  inserts  made  of  3D -C/C. 
At  present  we  are  in  the  course  of  redesign 
and  verification  procedure.  On  the  other  hand, 


the  study  of  NDI  is  continuing  with  a  target 
of  smaller  throat  inserts  of  sounding  rockets 
and  auxiliary  motors  of  M-V  rocket,  which 
are  now  under  way  of  redesign  through 
multiaxial  fracture  statistics. 
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Abstract 

In  order  to  apply  a  new  material  -  a 
graphite  sheet,  which  has  characteristics  of 
high  thermal  conductivity,  lightweight  and 
flexibility,  as  a  material  for  spacecraft 
thermal  control  applications,  the 
thermophysical  properties,  such  as  thermal 
diffiisivity,  total  hemispherical  emittance  and 
solar  absorptance,  have  been  measured. 
Additionally,  the  thermal  conductivity  was 
evaluated. 

Key  Words:  Graphite  Sheet,  High  Thermal 
Conductivity,  Thermal  Control,  Spacecraft. 

Introduction 

In  the  field  of  space  development, 
designing  lightweight  thermal  control 
systems  of  the  spacecrafts  are  required.  We 
have  proposed  a  new  material,  “graphite 
sheet  (GS)”,  developed  by  Matsushita 
Electric  Industrial  Co.,  Ltd.,  for  spacecraft 
thermal  control  applications  such  as 
radiators,  thermal  doublers,  thermal  paths 
and  heaters.  The  GS  has  characteristics  of 
high  thermal  conductivity,  lightweight  and 
flexibility  like  a  piece  of  paper.  In  order  to 
use  the  GS  as  a  thermal  control  material,  it  is 
essential  to  know  the  reliable  thermophysical 


properties  such  as  thermal  conductivity,  total 
hemispherical  emittance  and  solar 
absorptance.  In  this  paper,  the  temperature 
dependence  of  thermal  diffiisivity  and  total 
hemispherical  emittance,  and  incident  angle 
dependence  of  solar  absorptance  for  the  GS 
are  described.  Additionally,  the  thermal 
conductivity  is  calculated  using  the  measured 
thermal  diffiisivity,  and  evaluated  by 
comparing  with  the  other  high- 
thermal-conductivity  materials. 

Graphite  Sheet 

The  GS  has  been  prepared  from 
aromatic  polyimide  films  by  heat  treatment  at 
2900  -  3300  K  in  an  inert  atmosphere.  The 
process  for  making  highly  oriented  graphite 
sheets  from  polyimide  films  is  as  follows:  (1) 
At  temperatures  between  700  and  900  K,  the 
thermal  decomposition  reaction  proceeds 
preferentially  on  the  imide  group,  and  a 
planar  and  heterocycle  carbon  precursor  with 
the  nitrogen  contained  are  made.  (2) 
Carbonization  occurs  by  denitrification  and 
dehydrogenation,  and  aromatic  rings  are 
developed  above  1300  K.  (3)  At  temperatures 
above  2900  K,  lamination  layers  have  been 
grown  and  highly  oriented  graphite  films  are 
produced.  Figure  1  shows  the  scanning 
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Fig.  1  SEM  Images  of  a)  surface  and  b) 
cross-section  features  of  the  graphite  sheet. 


electron  microscope  (SEM)  photos  of  (a)  the 
surface  and  (b)  the  cross-sectional  view  of 
the  GS  structures.  It  is  remarkable  that  the 
GS  is  organized  in  different  structures 
between  the  in-plane  and  the  out-of-plane 
directions. 


Measurement  Method 

The  in-plane  thermal  diffusivity  and 
the  out-of-plane  thermal  diffusivity  of  the  GS 
have  been  measured  over  the  temperature 
range  from  30  to  350  K  by  using  a 
laser-heating  ac  calorimetric  method  [2,  3], 
The  uncertainty  of  the  present  measurement 
is  estimated  to  be  within  ±3.5  %  (in-plane) 
and  ±  1 1  -52  %  (out-of-plane)  [4]. 

The  total  hemispherical  emittance  of 
the  GS  has  been  measured  over  the 
temperature  range  from  173  to  373  K  by 
using  a  calorimetric  method  [5],  The 
uncertainty  of  this  apparatus  is  estimated 
within  ±3  %  [6]. 

The  solar  absorptance  of  the  GS  has 
been  calculated  from  the  spectral  reflectance, 
which  was  measured  by  using  a 
spectroscopic  method  over  the  wavelength 
range  from  0.26  to  2.5  pm  [7].  This 
wavelength  region  is  verified  solar 
absorptance  of  thermal  control  materials.  The 
uncertainty  of  the  present  measurement  is 
estimated  within  ±2%. 


Temperature,  K 

Fig.  2  Temperature  dependence  of  in-plane  and 
out-of-plane  thermal  diffusivities  of  graphite 
sheet. 


Results  and  Discussions 
Thermal  Diffusivity 

The  results  of  the  in-plane  and  out-of-plane 
thermal  diffusivities  measurement  in  the 
temperature  range  from  30  to  350  K  are 
shown  in  Fig.  2.  It  is  clear  that  both  the 
in-plane  and  out-of-plane  thermal 
diffusivities  of  the  GS  have  large  temperature 
dependences.  They  have  the  maximum 
values  around  100  and  70  K,  respectively.  It 
is  confirmed  that  the  GS  has  extreme 
anisotropy  between  in-plane  and 
out-of-plane  directions.  The  value  of  the 
anisotropy  ratio  increases  from  25  to  50  as 
the  temperature  increases. 

Thermal  Conductivity 

The  thermal  conductivity  of  the  GS  is 
calculated  by  the  following  equation. 

A  =  pea  (1) 

where  A  :  Thermal  Conductivity,  p  : 
Density,  c  :  Specific  Heat,  a  :  Thermal 
Diffusivity.  The  specific  heat  of  the  pyrolytic 
graphite  was  used  for  calculating  thermal 
conductivity,  since  the  value  of  the  specific 
heat  is  independent  of  the  degree  of 
graphitization  [8,  9].  The  calculated  thermal 
conductivity  of  the  GS,  compared  to  the 
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Temperature,  K 

Fig.  3  Temperature  dependence  of  thermal 
conductivities  for  graphite  sheet,  pure  metals  and 
P100  carbon  fiber. 

conductivities  of  pure  aluminum,  pure 
copper,  pure  beryllium  [10]  and  PI 00  carbon 
fiber  [11],  are  shown  in  Fig.  3.  Above  150  K, 
The  in-plane  thermal  conductivity  is 
significantly  greater  than  those  of  pure 
aluminum  and  pure  beryllium,  and  is 
somewhat  larger  than  the  conductivity  of 
pure  copper  over  the  present  temperature 
range,  while  the  out-of-plane  thermal 
conductivity  of  the  GS  is  smaller  than  those 
of  metallic  materials.  Additionally,  the 
in-plane  thermal  conductivity  for  the  GS  is 
greater  than  the  conductivity  in  the  axial 
direction  of  the  PI 00  fiber  presently  used  for 
spacecraft  thermal  designs. 

The  specific  thermal  conductivity,  k 
is  calculated  by  the  following  equation. 

k  =  Xj  p  (2) 

Figure.  4  shows  the  specific  conductivities  of 
GS,  metallic  materials  and  carbon  fibers  at 
room  temperature.  It  is  clear  that  the  graphite 
materials  (P100  fiber,  K1100  fiber  [12]  and 
GS)  have  far  greater  specific  thermal 
conductivities  than  those  of  metallic 
materials.  Among  the  graphite  materials,  the 
GS  is  the  highest  in  value  of  the  specific 
thermal  conductivities.  Taking  into  account 


0  100  200  300  400  500  600 

Specific  The rnrial  Conductivity,  *10‘3  Wm2kg'1K'1 
Fig.  4  Specific  thermal  conductivities  for 
graphite  sheet,  carbon  fibers,  pure  metals. 

that  the  GS  can  diffuse  heat 
two-dimensionally  in  the  in-plane  directions, 
while  carbon  fibers  can  diffuse  only 
one-dimensionally,  the  GS  should  be  a  more 
useful  material  for  spacecraft  thermal 
management  components. 

Total  Hemispherical  Emittance 
The  result  of  total  hemispherical  emittance 
measurement  in  the  temperature  range  from 
173  to  373  K  is  shown  in  Fig.  5.  The  total 
hemispherical  emittance  increase  as  the 
temperature  increases.  The  value  of  the  total 
hemispherical  emittance  changes  from  0.22 
to  0.32  as  the  temperature  increases. 

Solar  Absorptance 

The  measured  spectral  hemispherical 
reflectance  in  the  incident  angle  range  from  5 
to  6011  in  the  wavelength  range  from  0.26  ~ 
2.5  pm  for  the  GS  is  shown  in  Fig.  6.  In  this 
wavelength  region,  the  reflectance  falls  in  the 
20  to  45  %  range.  Although  the  remarkable 
incident  angle  dependence  of  the  spectral 
reflectance  between  52  and  3011  is  not 
confirmed,  it  is  clear  that  the  reflectance  at 
60D  is  larger  than  those  at  5D  and  30D.  The 
values  of  the  solar  absorptance  for  incident 
angles  of  3H,  3GH  and  60Dare  0.72,  0.72  and 
0.67,  respectively. 
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Fig.  5  Temperature  dependence  of  total 
hemispherical  emittancc  of  graphite  sheet. 

Conclusions 

In  order  to  apply  a  high-thermal- 
conductivity  graphite  sheet  as  a  material  for 
spacecraft  thermal  control  applications, 
temperature  dependence  of  thermal 
diffusivities  and  total  hemispherical 
emittance,  and  incident  angle  dependence  of 
solar  absorptance  have  been  measured. 
Additionally,  thermal  conductivities  were 
calculated,  and  it  was  confirmed  that  the  GS 
has  high  potential  as  a  material  for  spacecraft 
thermal  control  applications  on  the  ground  of 
its  high  thermal  conductivity  and 
lightweight. 
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Abstract 

The  Smart  Radiation  Device  (SRD)  is 
a  thin  and  light  tile  which  is  made  from  a 
ceramic  material.  The  material  undergoes  a 
metal-insulator  transition  at  around  room 
temperature  and  this  allows  the  infrared 
emissivity  of  the  device  to  change  from  low 
to  high  as  the  temperature  is  increased  from 
173K  to  375K.  This  is  beneficial  for  thermal 
control  applications  on  spacecraft.  For 
example,  bonded  only  to  the  external  surface 
of  the  spacecraft,  the  SRD  controls  the  heat 
radiated  to  deep  space  without  electrical 
instruments  or  mechanical  parts  which  are 
used  for  changing  emissivity.  It  reduces  the 
energy  consumption  of  the  electrical  heater 
for  thermal  control,  and  decreases  the  weight 
and  the  cost  of  the  thermal  control  system. 

In  this  paper,  design  and  preliminary 
test  results  of  the  SRD  will  be  presented. 

Key  Words:  radiator,  spacecraft,  variable 
emittance,  thermal  control 

Introduction 

Spacecraft  usually  expel  excess  heat 
into  deep  space  by  radiators  to  keep  the 


temperature  of  all  the  elements  of  a 
spacecraft  system  within  the  allowable  limits 
for  all  mission  phases.  The  amount  of  heat 
radiated  into  deep  space  is  not  constant 
because  the  temperatures  of  these 
components  are  affected  by  heat  inputs 
which  are  highly  variable  with  time  over  the 
life  of  the  mission.  So  some  devices  are 
required  for  thermal  control.  The  thermal 
louver  is  one  of  the  thermal  control  devices 
and  it  has  been  used  to  regulate  the  rate  of 
heat  flow  into  deep.  But,  it  is  heavy  and 
expensive,  especially  for  high  power 
consumption  spacecraft.  At  the  moment,  the 
density  of  the  instruments  on  the  spacecraft 
tends  to  be  high  and  the  mission  tends  to  be 
complex,  so  developing  a  lighter  and  more 
economical  thermal  control  device  with  high 
performance  is  necessary. 

We  are  now  developing  a  variable 
emittance  radiator  named  SRD.  It  is  a  light 
ceramic  tile  that  changes  its  emissivity 
according  to  its  temperature  without  using 
control  instruments.  The  SRD  has 
significant  advantages,  such  as  weight,  so  we 
can  use  the  new  device  without  any 
constraints  and  can  control  the  temperature 
of  the  spacecraft  easily  in  comparison  to  the 
thermal  louver. 
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Smart  Radiation  Device 


Optical  Properties 


The  SRD  is  a  black  ceramic  tile 
which  is  200pm  thick  and  weighs  only 
1 .2kg/m2.  Figure  1  shows  a  photograph  of  a 
test  piece  of  the  SRD.  The  size  is 
30mmx30mm.  The  SRD  are  made  of 
La1.xSrxMn03  or  LalxCaxMn03  which  are 
manganese  oxides  with  a  perovskite-type 
structure  and  made  by  replacing  La3+  with 
Sr21  or  Ca2+  in  parent  material  LaMn03.  By 
this  substitution,  Mn3+  changes  to  Mn4'  in 
order  to  keep  their  electrical  charge.  The 
metallic  state  in  these  compounds  is 
stabilized  by  the  double-exchange 
interaction^].  As  a  result,  they  have  the 
special  property  of  metal-insulator  transition 
at  around  room  temperature  and  the  electrical 
conductivity  of  the  compounds  changes 
drastically  depending  on  the  temperature. 


Fig.l  Test  Piece  of  SRD. 


In  the  beginning,  we  made  some  trial 
SRD  which  were  made  of  La,.xSrxMn03  or 
La,.xCaxMn03.  The  molar  ratio(X) 
dependence  of  the  total  hemispherical 
emittance  became  clear  and  the  optimum 
molar  ratio  for  these  materials  was 
confirmed[2].  As  a  result,  we  selected 
La0  g25Sr0  t75MnO3  and  La07Ca03MnO3  for  the 
materials  of  the  SRD. 


The  total  hemispherical  emittance  of 
the  SRD  was  measured  by  using  the 
calorimetric  method.  Figure  2  shows  the 
temperature  dependence  of  the  total 
hemispherical  emittance  for  the  SRD.  The 
total  hemispherical  emittance  changes  in  the 
temperature  range  of  173K~373K  and 
especially  the  emissivity  of  La01i25Sr0175MnO3 
changes  drastically  under  280K  and  that  of 
La07Ca03MnO3  changes  drastically  under 
260K.  La0S25Sr0175MnO3  has  a  high 
emissivity  of  0.65  at  high  temperatures  and  a 
low  emissivity  of  0.28  at  low  temperatures, 
so  the  variability  of  the  total  hemispherical 
emittance  Ae  is  0.37.  And  La07Ca03MnO3 
has  a  high  emissivity  of  0.61  at  high 
temperatures  and  a  low  emissivity  of  0. 19  at 
low  temperatures,  so  the  variability  of  the 
total  hemispherical  emittance  Ae  is  0.42. 


Fig.2  Temperature  Dependence  of 
Total  Hemispherical  Emittance  of 
SRD. 


The  solar  absorptance  was  measured 
spectroscopically  with  an  integrating  sphere 
in  the  wavelength  region  of  0.26~2.5pm. 
Figure  3  shows  the  spectra!  reflectance  of  the 
materials.  The  spectral  reflectance  of  both 
materials  is  low.  The  solar  absorptance  of 
La0g25Sr0175MnO3  is  0.84  and  that  of 
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La07Ca03MnO3  is  0.87.  These  are  so  high 
that  we  are  trying  to  reduce  them  by  multi 
layer  coating  which  reflects  the  visible 
sunlight  and  acts  as  an  antireflection  coating 
for  the  thermal  IR. 


Fig.3  Spectral  Reflectance  of  SRD. 


Space  Qualification  Tests 

Radiation  durability  is  required  for 
operation  in  space  because  it  affects  the  life 
of  the  spacecraft.  To  evaluate  the  space 
degradation  of  optical  properties,  space 
environmental  simulation  tests  were 
performed  on  the  ground  with  independent 
radiation  by  protons,  electrons  and  UV. 
Table  1  shows  the  radiation  conditions. 


Table  1  Radiation  Conditions 


SOURCE 

ENERGY 

FLUENCE 

0.5MeV 

5.0xl0l4p/cm2 

Protons 

l.OMeV 

1.0xl013p/cm2 

2.0MeV  1 

2.0xl0,2p/cm2 

0.5MeV 

1.0xl015e/cm2 

Electrons 

l.OMeV 

5.0xl014e/cm2 

2.0MeV 

2.0x  lO^e/cm2 

UV 

11.5SC 

11532.8ESH 

Figure  4  shows  the  temperature 
dependence  of  the  total  hemispherical 


emittance  for  La0g25Sr0175MnO3.  The 
emissivity  of  irradiated  samples  was  similar 
to  that  of  the  non-irradiated  material  within 
the  measuring  tolerance. 


Temperature,  K 


Fig.  4  Temperature  Dependence  of 
Total  Hemispherical  Emittance  of 
SRD. 


Table  2  shows  the  solar  absorptance 
of  La0g25Sr0175MnO3  before  and  after 
irradiation.  Each  variation  of  these  samples 
is  less  than  0.01. 


Table  2  Solar  Absorptance  of  SRD. 


SOURCE 

BEFORE 

AFTER 

0.5MeV 

0.88 

0.88 

protons 

l.OMeV 

0.90 

0.90 

2.0MeV 

0.88 

0.88 

0.5MeV 

0.90 

0.89 

Electrons 

l.OMeV 

0.89 

0.89 

2.0MeV 

0.88 

0.88 

UV 

0.88 

0.88 

We  confirmed  that  there  was  no 
degradation  of  La0  825Sr0  ]75MnO3  for  protons, 
electrons  and  UV  irradiation.  The  radiation 
tests  for  La07Cao3Mn03  have  not  been 
completed  yet. 
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Improvement  of  SRD 

In  order  to  improve  the  SRD,  we  have 
been  trying  a  new  design  as  follows. 

1 .  Design  for  the  improvement  of  the  optical 
properties. 

2.  Design  for  the  reduction  of  the  weight. 

We  have  been  trying  to  make  a  new 
composition,  La^x^S^CayMnOj,  which  is 
combined  (La,Sr)Mn03  with  (La,Ca)Mn03 
in  order  to  improve  the  optical  properties[3]. 
From  the  measurement  results,  we  predict 
that  this  will  be  a  new  material,  which  has 
better  optical  property.  But,  the  solar 
absorptance  has  not  been  improved  yet. 

It  is  very  important  for  space 
applications  to  use  light  elements.  In  order  to 
reduce  the  weight  of  the  SRD,  we  designed  a 
new  one  which  is  composed  of  a  thin  variable 
emittance  layer  and  the  Zr02  substructure. 
By  introducing  a  thick  film  process,  we  could 
make  a  thinner  SRD  which  is  under  70pm 
thick  and  weighs  under  430g/m2[4], 


Temperature,  K 

Fig.5  Temperature  Dependence  of 
Total  Hemispherical  Emittance  of 
New  SRD. 


Figure  5  shows  the  temperature 
dependence  of  the  total  hemispherical 
emittance  of  the  new  SRD.  In  this  figure, 


SRD2  was  made  of  La0  775Sr0 115Ca0  nMn03 
by  the  old  production  process.  On  the  other 
hand,  SRD3  was  made  with  the  same 
compounds,  but  used  the  new  production 
process.  A  striking  phenomenon  is  the  small 
increase  in  the  transition  temperature  Tc  of 
SRD3  compared  with  SRD2.  We  interpret 
this  effect  as  an  increase  in  charge-carriers 
due  to  a  loss  of  La 

Summary  and  Conclusions 

In  summary,  we  confirmed  that  the 
manganese  oxide  with  a  perovskite-type 
structure  could  be  used  for  the  material  of  the 
SRD,  by  measuring  the  optical  properties  and 
through  irradiation  tests.  Moreover,  we  have 
successfully  developed  a  new  SRD,  by 
introducing  a  new  design  and  a  new 
manufacturing  process.  The  new  SRD  is 
lighter  and  stronger  than  the  old  one.  In 
addition,  the  new  design  and  new 
manufacturing  process  make  the  element 
faster  and  easier  to  handle,  and  reduce  its 
cost. 

The  SRD  will  be  used  in  ISAS’s 
scientific  satellite  MUSES-C  which  is  going 
to  perform  a  sample  return  mission  to  a  near 
earth  asteroid.  After  that,  the  film  SRD  will 
be  tested  by  the  flight  of  INDEX  which  is  a 
small  engineering  satellite  and  will  be 
exposed  to  all  kinds  of  degrading 
environmental  loads. 
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Introduction 

Continuous  fiber  reinforced  polymers 
(FRP’s)  have  become  attractive  for  design 
engineers  as  retrofit  or  strengthening 
materials  for  the  existing  RC  structures  after 
the  disaster  caused  by  the  Great  Hanshin 
Earthquake  in  1995.  High  strength, 
lightweight  and  easy  handling  of  FRP  sheets 
become  strongly  beneficial  for  retrofit  or 
strengthening  of  RC  structures.  Authorities 
in  Japan,  such  as  Railway  Technical  Research 
Institute,  Japan  Highway  Public  Corporation 
as  well  as  the  Ministries  of  Construction  and 
Transportation,  have  been  studying  the 
effectiveness  of  FRP  sheets  for  retrofit  or 
strengthening  of  existing  RC  structures.  With 
a  lot  of  experimental  works  they  have  made 
their  own  design  guidelines  for  their  specific 
applications  with  specified  type  of  fiber  [1-4]. 
Considering  the  situation  of  FRP  sheets 
applications  in  Japan,  the  Japan  Society  of 
Civil  Engineers  (JSCE)  decided  to  establish 
the  unified  and  more  widely  applicable 
design  recommendations  of  FRP  sheets  for 


retrofit  or  strengthening  of  the  existing 
concrete  structures  as  well  as  repair  and 
enhancement  of  durability  of  concrete 
structures.  Since  1998  the  authors  have 
been  working  as  a  chairman  and  co-chairman 
in  the  JSCE  research  committee  to  establish 
the  design  recommendations  of  FRP  sheet  for 
upgrading  of  RC  structures.  The 
recommendations  are  now  published  both  in 
Japanese  and  in  English. 

Different  from  the  other 
recommendations,  the  recommendations  are 
formatted  and  described  based  on  the 
performance  of  RC  structures  with  FRP 
sheets  [5-7].  It  means  that  the  descriptions  in 
the  design  part  are  made  as  how  to  evaluate 
the  contribution  of  FRP  sheets  in  terms  of 
flexure,  shear  and  ductility  of  RC  members  as 
well  as  enhancement  of  durability. 

The  recommendations  involve  other 
features,  such  as  the  construction  part,  the 
proposed  test  methods  for  FRP  sheets  and 
field  applications.  This  paper  describes  the 
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Different  from  the  contribution  to  shear 
capacity,  the  contribution  of  sheet  to  ductility 
depends  upon  the  existing  structural 
performance.  As  mentioned  before,  FRP 
sheet  wrapping  increases  both  the  shear 
capacity  and  the  confinement  effect  of 
cracked  concrete.  These  effects  should 
provide  the  member  a  large  deformation 
capacity. 

Contribution  to  Durability 


(cm2/year),  t:  remaining  design  life  (years), 
tf:  the  period  the  continuous  fiber  sheets 
expected  to  block  chloride  ions  (years). 

Referring  to  the  existing  data  for  surface 
coating  materials,  the  period  {tf)  is 
determined  as  10  years  for  one  layer  of  FRP 
sheet  under  ordinary  environment,  and  5 
years  under  sever  condition.  When  two 
layers  of  FRP  sheet  are  adopted,  the  values  of 
period  could  be  multiplied  by  1.5.  It  is 
necessary  to  get  further  in-situ  data. 


The  JSCE  has  adopted  the  way  how  to 
verify  the  durability  of  concrete  structures  in 
the  standard  specifications  in  1999  [8].  In 
particular,  the  intrusion  of  chloride  ion  into 
concrete  is  expressed  in  the  diffusion 
equation.  Then,  a  role  of  FRP  sheet  can  be 
evaluated  as  shielding  against  the  intrusion  of 
chloride  ion  for  a  certain  period.  The 
shielding  effect  of  FRP  sheet  is  taken  as  a 
formula  below. 


Q  “  Yd 


(however,  t  >  tf ) 


(Q-C^l-er/ 


0.1c 


+  C, 


(7) 


erflx)  :  the  error  function,  expressed  as 


where:  yc/:  safety  factor  that  covers  the 
uncertainty  of  calculations  of  chloride  ion 
concentration  at  the  locations  of  steel 
reinforcement  (may  generally  be  set  to  1.3), 
C0:  chloride  ion  concentration  on  the  surface 
of  the  structure  (kg/m2),  Cx:  chloride  ion 
concentration  (kg/m3)  at  the  locations  of  steel 
reinforcement  at  the  time  of  upgrading,  c: 
cover  thickness  (mm),  Dd\  diffusion 
coefficient  of  chloride  ions  for  cover  concrete 


Construction  Practice 

The  proposed  evaluation  equations  in 
the  recommendations  are  based  on  the  proper 
construction  practice.  In  particular,  the  bond 
between  FRP  sheet  and  concrete  is  most  of 
importance.  A  lot  of  attention  has  to  be  paid 
on  how  to  treat  adhesive  materials,  on  how  to 
treat  the  surface  of  concrete,  on  how  to  attach 
sheets  and  to  cure  them.  The  chapter  of 
construction  practice  represents  a  summary  of 
extended  experiences  from  the  actual 
execution  of  upgrading  works  on  site. 
Inspection  at  each  stage  of  construction  is 
necessary  for  completing  the  good  works. 
Finally,  there  are  still  many  things  left  to  the 
workmanship  for  conducting  the  upgrading 
works  by  use  of  FRP  sheet.  It  may  be 
necessary  to  establish  a  system  to  examine 
the  workmanship  for  ensuring  the  proper 
construction  practice  of  FRP  sheets. 

Test  Methods 

The  committee  proposed  9  test  methods 
to  determine  the  mechanical  and  durable 
properties  of  FRP  sheet.  Those  are  to 
determine  (1)  tensile  strength  of  sheet,  (2) 
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essence  of  the  recommendations. 


Contribution  of  FRP  Sheet  to  the  Flexural 
Capacity 

The  contribution  of  FRP  sheet  to  the  flexural 
capacity  of  concrete  members  can  be 
evaluated  by  the  traditional  flexural  theory 
such  that  plane  sections  remain  planes,  only 
when  the  peeling  of  sheet  is  not  expected. 
The  detailed  observation  may  show  that  the 
tensile  strain  in  FRP  sheet  measured  is  a  little 
smaller  than  expected.  However,  for  the 
design  purposes  the  difference  can  be 
neglected  for  both  the  serviceability  limit 
state  and  the  ultimate  limit  state.  The 
current  research  shows  that  the  happening  of 
peeling  can  be  estimated  by  examination  of 
tensile  stress  of  the  sheet  at  the  location  of 
flexural  cracking.  In  other  words,  when  the 
tensile  stress  of  sheet  can  satisfies  the  Eq.(l), 
then  peeling  can  be  neglected. 


In  the  equation,  the  interfacial  fracture 
energy  Gf  is  introduced.  The  value  can  be 
obtained  by  the  proposed  test  method  for  the 
bond  properties  of  FRP  sheet.  When  there 
is  no  test  date,  then  0.5  N/mm  is 
recommended. 


ft 


(1) 


where,  ff:  tensile  stress  of  sheet  calculated  at 
flexural  cracking,  Gf  :  fracture  energy  of 
peeling  of  sheet,  Ef :  elastic  modulus  of  sheet, 
nf  :  number  of  layers  of  attached  sheet,  t{ : 
thickness  of  sheet 


Contribution  to  Shear  Capacity 

The  contribution  of  FRP  sheet  to  the 


shear  capacity  of  RC  member  can  be 
evaluated  by  the  traditional  truss  model  as 
shown  in  Eq.  (1).  However,  the  ultimate 
stress  of  sheet  in  the  truss  model  should  be 
estimated  properly  because  the  FRP  sheet  is 
quite  elastic  up  to  failure  and  has  no  stress 
redistribution  (Fig.  1). 


( 

Vu=Vc  +  Vs+Vf  2) 

Vf  =K -Af  >ff  -z-(sina  +  cosa)/.s/  (3) 


Where,  Vu:  ultimate  shear  capacity  of  RC 
members  with  FRP  sheet,  Vc:  concrete 
contribution,  Vs:  contribution  of  shear 
reinforcing  bars,  Vf:  contribution  of  FRP 
sheet,  K:  coefficient  of  effectiveness  of  CFRP 
sheet,  Af:  cross  sectional  area  of  FRP  sheet, 
ff :  tensile  strength  of  FRP  sheet,  z:  lever  arm 
length,  a:  angle  of  fiber  to  longitudinal 
direction,  sf :  =1  or  spacing  of  FRP  strip. 


Fig.  1  Stress-Strain  Diagram  of  FRP 
and  RC  Beams 
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Comparing  with  steel  reinforcement,  FRP’s 
(both  carbon  fiber  and  aramid  fiber)  are  quite 
elastic  up  to  failure  with  less  ultimate  strain 
as  shown  in  Fig.l.  This  property  prevents 
strain  redistribution  which  is  typical 
phenomenon  with  steel  reinforcement 
because  steel  has  yielding  property.  In  other 
words  all  steel  stirrups  within  the  length 
equivalent  to  the  effective  depth  in  a  shear 
span,  can  carry  the  yield  stress  at  the  ultimate. 
On  the  other  hand,  FRP  sheet  can  not  transfer 
stresses  uniformly  within  a  shear  span  and 
has  the  stress  concentration.  Therefore,  the 
equation  derived  from  the  truss  model  should 
account  for  the  non  strain  redistribution  of 
FRP  using  K  factor.  Otherwise,  the 
contribution  of  FRP  sheet  to  the  shear 
capacity  can  not  be  evaluated  properly. 

The  committee  surveyed  current 
research  works  on  FRP  sheet  contribution  to 
shear  as  well  as  field  applications.  Based  on 
the  examination  and  discussion  the 
committee  has  proposed  two  ways  to  evaluate 
the  FRP  sheet  contribution  to  shear.  One  is 
to  introduce  a  correction  factor  to  take 
account  of  non-strain  redistribution,  and  the 
other  is  to  calculate  the  contribution 
numerically  using  the  bond  characteristics  of 
FRP  sheet  to  concrete.  In  the  former  case, 
previous  test  results  were  surveyed  widely 
and  reevaluated  the  contribution  of  FRP  sheet 
in  terms  of  the  tensile  strength,  the  modulus 
of  elasticity,  the  cross  sectional  area  of  FRP 
sheet  as  well  as  the  concrete  strength.  With  a 
lot  of  parametric  studies,  the  correction  factor 
(K)  is  proposed  in  the  following  form. 

0.4  £  iC  =  1.68  -  0.67/?  s  0.8  (4) 


0.5  ^  R  <2.0 


Where,  Pf  =  A/(bw*Sf)  ,  Ef.  modulus  of 
elasticity  of  FRP  sheet,  fH:  design  strength  of 
FRP  sheet,  f’cd\  concrete  strength. 

The  effectiveness  of  the  equation  is 
shown  in  Fig.2.  Since  the  collected  data  are 
limited  in  the  shape  and  dimension  of  test 
specimens.  Then  the  equation  has  a  limit 
for  application.  The  collected  data  range  as 
d=200-540  mm,  a/d=l.  1-3.6,  f’c=21-45MPa, 
ff=2480-4300MPa,  Ef=87-252GPa.  When 
applying  the  equation  to  RC  members  outside 
these  ranges,  additional  examination  must  be 
required. 


K=l. 68- 
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00 
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R 

Fig.  2  Correlation  of  K  with  R 
by  test  results 

The  alternative  method  to  evaluate  the 
FRP  sheet  contribution  to  shear  can  be  briefly 
explained  as  follows.  As  shown  in  Fig.  3,  it 
is  assumed  that  a  portion  with  a  major 
diagonal  crack  in  the  shear  span  undertakes  a 
rigid  body  movement.  FRP  sheet  which 
wraps  the  portion  confines  the  movement. 
The  contribution  of  FRP  sheet  should  be 
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evaluated  introducing  the  bond  property  of 
the  sheet  to  concrete  in  terms  of  bond  stress 
and  local  slippage.  It  requires  a  lot  of 
numerical  calculation  by  computer,  but  this 
way  is  applicable  for  wide  range  of 
structures. 


Big.  3  Model  of  beam 


Shear  stress  r 


Shear  displacement 


Fig.  4  Constitutive  law  for  bond 


expressing  that  the  ductility  ratio  is  a  linear 
function  of  the  ratio  of  shear  capacity  to 
flexural  capacity. 


The  contribution  of  FRP  sheet  to 
ductility  can  not  be  attributed  only  to  the 
increase  of  shear  capacity  by  sheet,  but  also 
to  the  confinement  of  cracked  concrete  by 
sheet  wrapping  (Fig.5).  Conducting  the 
parametric  study  of  existing  experimental 
data,  the  following  equation  is  proposed. 


^  =  1.16 


(0.5Fe+KJ 


1 +« 


£fPf 


+  3.58 


(6) 

where,  l±  :  ductility  ratio  (ratio  of  yield 
deformation  to  ultimate  deformation),  Vmu: 
shear  force  at  the  ultimate  flexural  capacity, 
B:  width,  Ct  o:  coefficient  (same  value  of 
Young’s  modulus  of  steel  can  be  taken) . 

The  equation  is  verified  as  shown  in  Fig.3. 
The  equation  has  also  a  limit  for  application 
since  the  collected  data  are  within  the  ranges 
of d  =  300  -  800 mm,  a/d  =  4.0-5.7,  fc 
=  18 -24  MPa,  ff  =  2050  -  3430  MPa,  Ef 
=  78  -  252  Gpa,  axial  stress  =  3.2  -  5.9  MPa. 


Contribution  to  Ductility 

Mechanism  on  how  FRP  sheet  contributes  to 
the  ductility  of  RC  members  is  much  more 
complicate  than  that  on  how  the  sheet 
contributes  to  the  shear  capacity.  Even  for 
ordinary  RC  members,  the  ductility  is  still 
difficult  to  determine  analytically.  It  is, 
however,  observed  in  the  experimental  works 
that  RC  members  with  relatively  higher  shear 
capacity  to  flexural  capacity  exhibit  large 
ductility.  This  fact  is  taken  in  the  JSCE 
seismic  design  code  for  concrete  structures 
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anchorage  strength  between  sheets,  (3)  bond 
strength  between  sheet  and  concrete,  (4)  bond 
strength  between  sheet  and  steel  plate,  (5) 
adhesive  strength  between  sheet  and  concrete, 
(6)  tensile  fatigue  strength  of  sheet,  (7) 
accelerated  exposure  test,  (8)  freezing  and 
thawing  test,  and  (9)  resistance  against  water, 
acid  and  alkali.  Most  of  test  methods  are 
concerned  with  the  property  of  sheet  itself, 
but  the  bond  test  represents  the  interface 
strength  among  sheet,  adhesive  material  and 
the  surface  condition  of  concrete.  Since  the 
tensile  strength  of  sheet  and  the  bond  strength 
between  sheet  and  concrete  are  important  to 
the  contribution  of  sheet  to  the  flexural  and 
shear  capacity  of  RC  members,  some  aspect 
of  the  test  method  is  discussed. 

Tensile  Strength  Test  Specimens 
The  shape  and  size  of  specimen  are  shown  in 
Figure  6  and  table  1.  The  previous  studies 
show  that  the  specimen  gives  good  results  for 
both  carbon  fiber  sheet  and  aramid  fiber 
sheet. 
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Fig.  6  Tensile  test  specimen 
Bond  Strength  Test 

Test  specimen  is  shown  in  Figure  7.  Two 
concrete  blocks  (100  x  100  x  300  mm)  are 
aligned  to  match  the  center  of  cross  section. 
Each  has  a  steel  bar  mounted  at  the  center  of 
cross  section.  After  alignment  of  two 
blocks,  two  FRP  sheets  (more  than  50  mm 


width  x  400mm  length)  are  attached  on  the 
opposite  sides.  In  order  to  obtain  consistent 
data,  sheets  in  one  side  should  be  anchored 
sufficiently.  The  left  parts  of  sheets  are 
measured.  The  load  is  applied  by  pulling  a 
steel  bar  at  the  both  ends.  Strain  gages 
should  be  attached  on  the  both  surfaces  of 
sheet.  Based  on  the  strain  distribution  of 
sheet  as  shown  in  Fig.  8,  the  bond  strength  is 
determined. 


Direction  of  fiber  Vinyl  tape 


CF  sheet  /  Bonding  length  Steel  Bar 


Fig.  7  Test  Specimen  for  Bond 

strain  of  sheet 


strain  of  sheet 


Fig.8  Strain  Distribution  of  Sheet 
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Concluding  Remarks 

FRP  sheets  have  advantageous  material 
properties,  such  as  high  strength,  lightweight, 
high  resistance  to  corrosion.  Making  the 
application  of  FRP  sheets  to  upgrading 
structures  more  effective,  the  contribution  of 
the  sheet  should  be  evaluated  sufficiently  in 
the  performance  of  structures  as  a  whole. 
JSCE  has  surveyed  the  current  technical  state 
of  the  art  and  published  the  recommendations 
for  the  retrofit  and  strengthening  of  RC 
structures  by  FRP  sheets.  The 
recommendations  are,  of  course,  not  perfect. 
With  further  understandings  on  the 
mechanism  and  with  computational  invention, 
the  evaluation  could  be  improved  by 
numerical  analyses. 

Appendix:  Contents  of  Recommendations 

Part  1  Recommendations  for  Upgrading  of 
Concrete  Structures  with  Use  of  Continuous 
Fiber  Sheets 

Ch.l  General 

Ch.2  Basics  of  Upgrading 

Ch.3  Materials 

Ch.4  Loads  and  Environmental  Actions 
Ch.5  Detailed  Inspection  of  Existing 
Concrete  Structures 
Ch.6  Performance  Verification  for 

Upgraded  Concrete  Structures 

6.1  General 

6.2  Design  strength  of  materials  in 
existing  stmctures 

6.3  Safety  factors 

6.4  Verification  of  safety 

6.5  Verification  of  serviceability 

6.6  Restorability 

6.7  Change  of  performance  of 
upgraded  structures  with  the 
elapse  of  time 

6.8  Verification  of  structural  details 


Ch.7  Upgrading  Work 

Ch.8  Work  Records 

Ch.9  Maintenance  of  Upgraded  Concrete 
Stmctures 

Part  2  Test  Methods  for  Continuous  Fiber 
Sheets 

1.  Test  Method  for  Tensile  Properties  of 
Continuous  Fiber  Sheets 

2.  Test  Method  for  Overlap  Splice 

Strength  of  Continuous  Fiber  Sheets 

3.  Test  Method  for  Bond  Properties  of 
Continuous  Fiber  Sheets  to  Concrete 

4.  Test  Method  for  Bond  Strength  of 
Continuous  Fiber  Sheets  to  Steel  Plate 

5.  Test  Method  for  Direct  Pull-out 

Strength  of  Continuous  Fiber  Sheets 
with  Concrete 

6.  Test  Method  for  Tensile  Fatigue 

Strength  of  Continuous  Fiber  Sheets 

7.  Test  Method  for  Accelerated  Artificial 
Exposure  of  Continuous  Fiber  Sheets 

8.  Test  Method  for  Freeze-Thaw 
Resistance  of  Continuous  Fiber  Sheets 

9.  Test  Method  for  Water,  Acid  and  Alkali 
Resistance  of  Continuous  Fiber  Sheets 
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The  authors  are  engaged  in  the 
development  and  application  of  large-span 
structural  systems  for  twenty-first  century 
using  a  new  material,  CFRP.  In  this  report, 
the  pilot  project:  TRY2004  is  introduced,  and 
the  Double-layer  Space  Frame  and  the 
Monocoque  Roof  using  CFRP  as  a  structural 
material  are  outlined.  Structures  with  CFRP 
perform  well  from  the  point  of  view  of 
specific  strength,  specific  stiffness,  heat 
insulation,  corrosion  resistance,  etc.  The 
authors  believe  that  the  composites  will  be 
one  of  the  best  structural  materials  of  the  21st 
century. 

The  authors  confirmed  the  structural 
performance  of  CFRP  as  a  material, 
component,  and  the  double-layer  space  frame 
in  structural  experiments.  This  structure  has 
been  used  for  the  roof  of  a  factory  cafeteria 
(Photo  1  and  Photo  2). 


Photo  1  Internal  View  of  “TRUSS  HOLL“ 
in  Ehime  Pref. 


Photo  2  Under  Construction 


Continued  in  space  frame,  the 
authors  started  to  develop  the  monolithic 
formed  (Monocoque)  roof  structure  made  of 
CFRP.  In  this  structure,  the  finish  and  the 
structure  are  unified,  and  it  is  big 
characteristic  that  we  could  realize  the  free 
curved  surface  such  as  RC  shell  by  the  light 
sandwiched  structure.  We  made  the 
sandwiched  structure  that  the  surface  of 
CFRP  layer  (we  will  call  it  skin  layer  from 
now  on)  is  the  main  structural  material  the 
basis.  Figure  1,  2  show  the  design  form 
example  and  the  basic  section  detail. 


Fig.  1  Design  Form  Example 
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Fig.  2  Section  Detail 

The  objects  of  it  are  the  gymnasium 
of  elementary  school  and  junior  high  school, 
and  the  existing  PCa  roof  materials  are 
removed  without  strengthening  the  existing 
columns  and  beams  in  the  short  period  of 
summer  vacation,  and  also  replace  it  to  the 
large  Monocoque  roof  made  of  CFRP. 

Picture  3,  4  shows  the  case  of  Kusatsu-city 
elementary  school  gymnasium  in  Shiga  pref. 
(completion  Sep.  1999)  and  Toin-cho 
elementary  school  gymnasium  in  Wakayama 
pref.  (completion  Sep.  2000)  among  the 
application  of  CFRP  roof  for  seismic 
rehabilitation  of  the  existing  roof.  All  the 
constructions  were  completed  during  the 
summer  vacation,  and  it  is  said  that  the 
brightened  gymnasium  is  reputed  very  well 
among  the  children. 


Photo  3  School  Gymnasium  after 
Replacement  in  Kusatsu-city 


Photo  4  School  Gymnasium  under 
Construction  in  Toin-cho 


The  characteristics  of  the  facilities 
using  CFRP  structural  material  are  shown  as 
following: 

1)  It  is  able  to  realize  lightweight 
space  structure  of  free  curve  that  used 
to  be  difficult. 

2)  It  is  able  to  realize  the  long-life 
space  of  free  maintenance. 

3)  The  seismic  strengthening  in 
replacing  the  existing  roof  would  be 
easy. 

4)  It  is  able  to  complete  the 
construction  in  short  term  because  of 
the  lightweight  roof  and  able  to  begin 
to  use  it  earlier. 

It  is  able  to  create  a  space  that  could 
not  realize  in  the  past  by  making  use  of  the 
characteristic  written  above  effectively,  and 
the  authors  think  that  this  specialization  is  the 
first  step  to  be  admitted  as  the  structural 
material  of  21st  century.  The  author  will  end 
this  paper  wishing  many  people  who  approve 
to  this  thought  increase,  and  we  strongly  wish 
to  promote  projects  cooperating  with  many 
researchers,  engineers  and  architects  all  over 
the  world. 
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Abstract 

The  experimental  investigation  on 
the  tensile  strength  of  bolt  joints  in 
pultruded  GFRP(Glass  Fiber  Reinforced 
Plastics)  members  used  for  pedestrian 
bridges  are  described  in  this  paper. 
Adding  biased  cloth  layer  into  the 
members  was  effective  in  improving  the 
tensile  strength  of  bolt  joints.  Also,  taking 
longer  edge  distance  for  bolt  holes  was 
effective  and  gave  higher  tensile  strength. 
The  fracture  modes  of  joints  using  large 
diameter  bolts  were  shear  failure  for  all 
types  of  specimen. 

Key  Words:  FRP,  Pultrusion,  Bolt  joints, 
Strength  evaluation 

Introduction 

A  lot  of  steel  bridges  and  pre¬ 
stressed  concrete  bridges  on  seaside  in 
Japan  are  attacked  by  the  salt  injury  and 
have  corrosive  damages.  Therefore,  for 
the  instance,  GFRP  was  applied  for  the 
crossing  bridge  of  the  road  park  in  Ikei- 
Tairagawa  route  in  Okinawa  prefecture, 


due  to  the  strong  resistance  to  the  salt 
injury  and  corrosion  damage(1‘3).  In  the 
development  of  the  bridge,  structural 
experiments  on  the  strength  evaluation  of 
bolt  joints  were  performed  in  order  to 
affirm  the  soundness  of  the  structured 
The  strength  evaluation  on  bolt  joints  is 
important  especially  for  joints  using  large 
diameter  bolts  in  civil  engineering  and 
bridge  structure  fields.  However,  most 
of  design  manuals  describe  the  strength 
evaluation  on  joints  using  small  diameter 
rivets(5'8). 

In  this  paper,  the  experimental 
results  on  the  tensile  strength  of  bolt 
joints  in  pultruded  GFRP  members  are 
reported.  Effects  of  stacking  sequences 
in  the  members  and  the  edge  distance  on 
the  tensile  strength  of  bolt  joints  were 
examined.  Also,  the  fracture  modes  and 
processes  in  the  GFRP  members  were 
observed  for  the  future  designing  of  bolt 
joints  and  new  development  on  bridges. 

Experiments 

Figure  1  shows  the  configuration 
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Table  2  Stacking  sequence  of  Type  B  specimen 


Fiber 

angles 

Kinds  of  layer 

layer/bundle 

Inner/Outer 

surface 

Random 

Chopped  Strand 
Mat 

1  layer 

Inner 

0/90° 

Roving  Cloth 

1  layer 

±45° 

Biased  Cloth 

3  layers 

0° 

Roving 

632  bundles 

±45° 

Biased  Cloth 

1  layers 

0/90° 

Roving  Cloth 

1  layer 

Random 

Chopped  Strand 
Mat 

1  layer 

Outer 

(b)  Double  bolt  fastened  specimen 
Fig.  2  Tensile  testing  conditions 
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and  dimension  of  test  specimens.  Single 
and  double  M22  bolt  fastened  specimens 
were  employed  in  the  tensile  test.  Edge 
distance,  “e”  in  Fig.  1,  was  set  to  be  50 
and  70  mm.  The  pitch  between  M22 
bolts  in  the  case  of  double  bolt  fastened 
specimen  was  80  mm.  C103  member 
(103X50X9.3)  is  channel  cross  section 
Glass  fiber/Vinyl-ester  resin  composites 
manufactured  by  the  pultrusion  process. 
Two  types  of  stacking  sequences  for  the 
C103  member  as  described  in  Tables  1 
and  2  were  employed.  Type  A  stacking 
sequence  is  the  same  to  that  used  for  the 
members  of  the  truss  structure  under  deck 
for  the  GFRP  pedestrian  bridge 
constructed  in  Okinawa  prefecture.  In 
addition,  the  case  of  edge  distance 
e=50mm  is  the  same  to  that  applied  for 
the  bridge  in  Okinawa. 

Four  specimens  for  each  case  of 
specimen  were  used  for  evaluating  the 
tensile  strength  of  bolt  joints.  Totally 
eight  cases  of  specimen  type  were 
considered  in  this  study.  Test  specimens 
were  fabricated  by  Asahi  Glass  Matex  Co., 
Ltd. 

Tensile  tests  were  carried  out  in  a 
constant  cross  head  rate  (approximately 
2mm/min)  using  a  6MN  capacity 
structural  testing  machine.  Testing 
conditions  are  shown  in  Fig.  2. 


Results  and  discussions 

Tensile  strength  data  obtained  by 
the  experiments  are  summarized  in  Table 
3.  Here,  maximum  loads  are  used  for 
the  strength  evaluation.  The  followings 
can  be  drawn  from  the  result. 

(1)  The  tensile  strength  of  double  bolt 
fastened  specimens  is  almost  twice 
higher  than  that  of  single  bolt 
fastened  specimens  in  the  case  of 
Type  A  stacking  sequence. 

(2)  The  tensile  strength  of  double  bolt 
fastened  specimens  is  about  1.8 
times  higher  than  that  of  single  bolt 
fastened  specimens  in  the  case  of 
Type  B  stacking  sequence. 

(3)  The  tensile  strength  of  Type  B 
stacking  sequence  specimens  is  10 
to  20  %  higher  than  that  of  Type 
A  stacking  sequence  specimens. 
Adding  biased  cloth  layers  is 
effective  in  improving  the  tensile 
strength  of  bolt  joints. 

(4)  Test  specimens  in  case  of  the  edge 
distance  e=70mm  gives  30  to  40  % 
higher  tensile  strength  than  those  in 
the  case  of  the  edge  distance 
e=50mm.  Taking  longer  edge 
distance  is  more  effective  than 
adding  biased  cloth  layers  into 
GFRP  pultruded  members  for 
improving  the  tensile  strength  of 

bolt  joints. 

(5)  Maximum  load  data 
in  Type  B  stacking 
sequence  specimens 
deviates  more  than 
that  in  Type  A 
specimens.  The  trend 
is  obvious  especially 
for  double  bolt 
fastened  specimens. 
Fracture  modes  of 
the  specimens  are  shown 
in  Fig.  3.  The  dominant 
fracture  mode  is  shear 


Table  3  Summary  of  tensile  strength  in  M22  bolt  joints 


Number 

of 

bolt  hole 

Edge 

distance 

e 

(mm) 

Type  of 
stacking 
sequence 

Maximum  load  (kN) 

Mean 

Maximum  Minimum 

50 

Type  A 

92 

100 

82 

1 

50 

Type  B 

110 

113 

107 

70 

Type  A 

123 

130 

113 

70 

Type  B 

145 

166 

131 

50 

Type  A 

175 

191 

166 

2 

50 

Type  B 

191 

243 

162 

70 

Type  A 

227 

236 

214 

70 

Type  B 

268 

303 

226 
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failure  for  M22  bolt  joints,  clearly 
observed  from  Fig.  3.  The  characteristic 
fracture  mode  is  the  delamination  at  the 
interface  between  the  biased  cloth  layer 
and  the  roving  layer.  Some  layers  of 
roving  bundles  can  be  seen  at  both  ends  of 
C103  members.  This  phenomenon 
indicates  that  the  tensile  strength  would 
be  improved  if  the  delamination  can  be 
arrested,  for  instance,  by  modifying  the 
stacking  sequence  of  the  member. 


Fig.  3  Fracture  modes  of  test  specimens 
Conclusions 

The  experimental  study  on  the 
strength  evaluation  of  M22  bolt  joints 
gives  the  following  remarks. 

(1)  Adding  biased  cloth  layers  into 
pultruded  GFRP  members  is  one  of 
the  methods  in  improving  the 
tensile  strength  of  bolt  joints. 

(2)  Taking  longer  edge  distance  is  also 
one  of  the  methods  in  improving 


the  tensile  strength  of  bolt  joints. 
This  method  is  more  effective  than 
adding  biased  cloth  layers. 

(3)  The  dominant  fracture  mode  in 
M22  bolt  joints  is  shear  failure. 

(4)  The  characteristic  fracture  mode  is 
the  delamination  at  the  interface 
between  the  biased  cloth  layer  and 
the  roving  layer.  This  phenomenon 
indicates  that  the  tensile  strength 
would  be  improved  if  the 
delamination  can  be  arrested,  for 

instance,  by  modifying  the 
stacking  sequence  of  pultruded 
GFRP  members. 
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(d)  Double  bolt  fastened 
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Abstract 

This  paper  describes  the  experimental 
and  analytical  results  on  the  buckling 
behavior  of  the  resin-filled  and  the  hollow 
steel  pipes.  The  experimental  results 
indicated  that  the  resin-filled  pipe  was 
superior  to  the  hollow  one  for  the  buckling 
strength  and  the  ductility.  The  resin-filled 
pipe  collapsed  due  to  the  delamination 
between  the  resin  foam  core  and  the  steel 
pipe,  or  due  to  the  cracking  in  the  resin  foam 
core.  In  addition  analytical  models  which 
could  explain  the  load-displacement 
relationships  obtained  in  the  experiments 
were  built  for  both  of  the  resin-filled  pipe  and 
the  hollow  one. 

Key  Words:  Urethane  Resin  Foam, 
Buckling ,  Steel  Square  Pipe  ,  FEM  Analysis 


Introduction 

Conventional  methods  for  reinforcing 
steel  pipes  are  to  fill  concrete  in  and  to  weld 
stiffeners  to  the  pipes.  In  this  study,  the 
hollow  steel  square  pipes  filled  with  and 
without  the  urethane  resin  foam  core  were 
employed  for  the  examination  on  the 
buckling  behavior(1\  The  resin-filled  steel 
pipes  were  light,  and  the  buckling  strength 
was  improved  due  to  avoiding  the  local 
buckling  by  filling  the  urethane  resin  foam 
into  the  hollow  pipes. 

In  addition  to  the  buckling  tests,  the 
non-linear  analysis  using  FEM  (Finite 
Element  Method)  was  performed  for  both  of 
the  resin-filled  pipe  and  the  hollow  one.  The 
analytical  load-displacement  relationship 
agreed  well  with  experimental  results. 
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Experimental  Study 


Test  Specimens 

In  order  to  decide  the  size  of  the  test 
specimens,  the  followings  were  considered: 

®  Because  the  purpose  of  tests  is  to  confirm 
that  the  resin-filled  pipe  is  superior  for  the 
buckling  strength  to  the  hollow  one,  it  is 
necessary  that  hollow  pipes  buckle  in  the 
elastic  region  not  in  the  plastic  region. 

(D  The  capacity  of  the  6MN  structural  testing 
equipment  is  enough  for  the  plastic 
buckling  strength  of  the  hollow  steel  pipe. 
©The  column  buckling  mode  does  not 
appear  before  the  plate  buckling  mode 
appears. 

The  drawing  of  the  test  specimen  is 
shown  in  Fig.l. 


Air  hola  400™ 


Fie.l  Test  specimen 


Experimental  Methods 

The  buckling  tests  were  carried  out 
using  the  6MN  structural  testing  equipment. 
The  outline  of  the  test  is  show  in  Fig.3. 


Experimental 
_eqiipment _ 


A 


Flange 


Test 

specimen 


Experimental 
equpment  ® 


zzn.- 

Load 


Fig.3  The  outline  of  the  test 


The  displacement  in  the  loading 
direction  was  measured  by  the  dial  gauges 
which  placed  on  the  flanges. 


To  both  ends  of  the  test  specimens, 
30mm  thick  steel  flanges  were  welded  for 
transforming  the  compression  load  to  the 
specimens. 

Two  test  specimens  were  steel  pipes 
filled  with  the  urethane  resin  foam,  and  other 
two  test  specimens  were  hollow  steel  pipes. 

The  density  of  the  urethane  resin  foam 
was  0.15g/cm3.  When  the  pipe  was  filled 
with  the  urethane  foam,  the  equipment  for 
reinforcing  was  used  because  the  urethane 
resin  foam  expanded  and  high-level  stress 
occurred  as  inserting  urethane  foam  (see 
Fig.2). 


Experimental  Results 

The  load-displacement  relationships 
are  shown  in  Fig.4. 


Fig.4  Load-displacement  relationship  for 
hollow  pipes  and  filled  pipes 
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It  was  clarified  that  the  buckling 
strength  and  ductility  were  superior  to  those 
of  hollow  pipes. 

The  buckling  mode  of  the  hollow  pipe  is 
shown  in  Fig.5 


Fig.5  The  buckling  mode  of 
the  hollow  pipe 

There  were  3  buckling  waves  for  the 
hollow  pipes.  On  the  other  hand,  the  collapse 
mode  of  the  resin-filled  pipes  occurred  at 
near  flange  as  shown  in  Fig.6. 


Fig.6  Collapse  mode  of  the  pipe  filled 
with  urethane  resin  foam 

By  cutting  the  cross  section  at  which 
the  collapse  mode  occurred,  it  was  observed 
that  the  resin-filled  pipe  collapsed  due  to  the 
delamination  between  the  resin  foam  core 
and  the  steel  pipe,  or  due  to  the  cracking  in 
the  resin  foam  core  as  shown  in  Fig.7. 


Fig.7  (a)  Cross  section  view 
of  the  collapse  mode(delamination) 


Fig.7  (b)  Cross  section  view 
of  the  collapse  mode(cracking) 


Analytical  Study 
Analytical  model 

FEM  analysis  with  the  assumption  of  a 
large  displacement  behavior  and  an  elasto- 
plastic  relationship  was  performed. 

The  analysis  model  of  the  filled-resin 
pipe  is  shown  in  Fig.8. 


Fig.8  FEM  analysis  mode! 
(filled-resin  pipe) 
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The  shell  elements  were  used  for  the 
steel  pipes,  and  the  solid  elements  were  used 
for  the  urethane  resin  foam. 

The  result  of  tensile  tests  of  steel  was 
used  as  the  stress-strain  relationship  of  the 
shell  elements.  The  yield  stress  of  steel  was 
330N/mm2. 

Until  the  diverging  point  (at  which  the 
experimental  tangent  modulus  of  the  hollow 
pipes  began  to  differ  from  the  filled-pipes),  it 
was  assumed  that  the  Young’s  modulus  of  the 
urethane  resin  foam  was  zero.  And  after  the 
diverging  point,  the  Young’s  modulus  of  the 
urethane  resin  foam  was  assumed  to  be  equal 
to  the  experimental  tangent  modulus. 

Analytical  Methods 

Instead  of  the  load,  enforced 
displacements  were  given  at  the  end  face  of 
the  pipe.  At  the  other  end  face,  all  freedoms 
of  nodes  were  fixed. 

The  initial  imperfections  were  given  as 
half  waves  with  L/1000  amplitude  (L:  length 
of  the  pipe)  and  buckling  mode  with  B/150 
amplitude  (B:  width  of  the  pipe). 

ABAQUS  was  used,  as  FEM  analysis 
code. 

Analytical  Results 

For  the  hollow  pipe,  the  buckling  mode 
in  the  experiment  was  same  to  that  obtained 
by  the  FEM  analysis  as  shown  in  Fig.9. 


Fig.9  Buckling  mode  of  the  hollow  pipe 

The  load-displacement  relationship  are 


shown  in  Fig.4,  together  with  the 
experimental  results  . 

For  the  hollow  pipes,  analytical  results 
agreed  well  with  the  experimental  results  up 
to  the  maxim-load.  And  for  the  resin-filled 
pipes,  analytical  results  also  corresponded  to 
the  experimental  results,  too. 

Conclusions 

Experimental  and  analytical  studies 
were  carried  out  on  the  resin-filled  and  the 
hollow  pipes.  The  followings  were  obtained. 
®  Superiority  of  the  resin-filled  pipe  was 
confirmed  for  the  buckling  strength  and 
the  ductility. 

(D  The  resin-filled  pipe  collapsed  due  to  the 
delamination  between  the  resin  foam  core 
and  the  steel  pipe,  or  due  to  the  cracking 
in  the  resin  foam  core. 

®  The  analysis  models  which  express  the 
experimental  load-displacement  relation¬ 
ships  were  built  for  both  of  the  resin-filled 
pipe  and  the  hollow  one. 
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Abstract 

Based  on  the  classical  laminated-plate 
theory,  an  elastic  solution  is  presented  for 
multi-layered  fiber-reinforced  composite 
pipes  under  pure  bending.  Moreover, 
detailed  stress/strain  responses  for  a 
filament-wound  fiber-reinforced  sandwich 
pipe  are  investigated  by  numerical  analysis. 
The  analytical  model  was  sandwich  pipe 
consisting  of  resin  material  for  the  core  layer 
and  filament-wound  composite  for  the  skin 
layers.  It  was  observed  that  the  axial  stress 
at  the  inner  surface  could  be  larger  than  that 
at  the  outer  surface  when  the  pipe  had  the 
filament-wound  layers  with  highly 
anisotropy 

Key  Words:  Anisotropic  analysis,  Elastic 
solution.  Laminated  composite  cylindrical 
pipe,  Bending 

Introduction 

Filament-wound  composite  pipes  are 
used  in  many  applications  because  of  their 
high  specific  strength.  Applications  include, 
but  are  not  limited  to,  storage  containers, 


pipelines  and  pressure  vessels.  In  these 
applications,  it  is  essential  to  maintain 
structural  integrity  for  preventing 
catastrophic  failure.  Filament-wound 
fiber-reinforced  composite  pipes  have  been 
the  subjects  of  numerous  experimental  [1-5] 
and  theoretical  investigations  [6-8]. 
However,  most  studies  on  cylindrical 
fiber-reinforced  composite  pipes  have 
focused  on  pipes  subjected  to  internal 
pressure  and  biaxial  loading.  For  analysis  of 
cylindrical  pipes  subjected  to  bending, 
Lekhnitskii  [9]  provided  formulations  for 
only  one  layer  with  anisotropy.  In  the 
present  study,  an  elastic  solution  for 
multi-layered  filament-wound  composite 
pipes  was  presented  using  the  theory  of 
cylindrical  orthotropic  elasticity. 
Stress/strain  responses  for  a  filament-wound 
fiber-reinforced  sandwich  pipe  were 
investigated.  The  materials  for  each  layer 
were  homogeneous  or  cylindrically 
orthotropic. 

Stress  Analysis 

Figure  1  shows  the  cylindrical 
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coordinate  for  multi-layered  fiber-reinforced 
composite  pipe  subjected  to  bending  load. 
Alternate-ply  layers  are  those  in  which  the 
principal  material  directions  of  the  adjacent 
layer  have  an  opposite  fiber  orientation 
(±^)  with  respect  to  the  axial  direction.  The 
orthotropic  unit  of  the  lay-up  angle  (±0)  is 
referred  to  as  an  orthotropic  layer  of  angle 
(f>. 

The  stress  cr.  along  the  direction  of 
the  z-axis  is  written  as  [9] 


a,  =  Arsin  6-— (Snar  +  S2icre) 


(i) 


Fig.  1  Multi-layered  fi be r-rcin forced  composite 
pipe  subjected  to  bending  loading 


The  constitutive  equations  are  given  by 

£,  =  /?,,< 7r  +  Rn  cg  +  SijArsin  9 
€g  =  Rn<J,  +  R22&e  +  S2?Ar  sin# 


(2) 


and 


SnS„ 


(i.j  =  1,2,4)  (3) 


where  are  the  compliance  constants 
with  respect  to  the  material  symmetry. 

A  stress  function  F(r,9)  can  be 
introduced  to  give  the  stress  fields,  which 
are  expressed  as  follows 

J dF  1  c?F 

°r~  r  dr  r1  dd2 


(?»  = 


dlL 

dr2 


(4) 


of1  (F 
' 0  dr  dO  ^  r 


The  stress  function  satisfies  the  equation  of 
compatibility: 

o  (5) 

d$'  dr2  drdO  dr 


Substituting  Eqs.  (l)-(4)  into  Eq.  (5),  we 
obtain  the  following  differential  equation 


r  ^f  +  (2r  +r  \  '  dF  +R  '  d  F 

lil  tog  +R  R  1 

+2R“  r  3d  "(2R|2  +  *uY?  Me2  ~*"r2  *2 

+(2/?n  +  2Rl2  +  Rjj)  '4  +  Rj] 

r  dd  r'  <*- 


=  2(5,3^  523)/t 


sin# 


(6) 


Load  function  takes  Lekhnitskii's 
stress  function  [9],  as  follows 


F{k\r,0)=  f(r)smO 


(7) 


Substituting  the  above  stress  function  into 
Eq.  (6),  we  obtain 

R22’A.f(4)  +  2 /?22r7(3)  -(/?,,+  2Rn  +  /?44>-2r 

+(/?,  I  +  2  /?,  2  +  /^4  )if  ~(R\]  +  2  /?,  2  +  /?44  )/ 

(8) 
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Substituting  the  solution  of  Eq.  (8)  into  Eqs. 
(4)  and  (2),  we  can  analyze  the  stress  and 
strain. 


(a) 


(b) 


Fig.  2  Effect  of  the  winding  angle  on  the 
axial  stresses  of  pipe  with  (a)  T300/934  and 
(b)  E-Glass/Epoxy 

( r0 :  Inner  surface;  ra  :  Outer  surface) 


Numerical  Results  and  Discussion 

The  formulation  was  applied  to  an 
example  of  a  composite  pipe  with  three 
layers.  The  pipe  has  an  isotropic-core  layer 
and  two  orthotropic-skin  layers,  which  are 
made  of  the  same  material  in  the  inner  and 
outer  layers.  The  elastic  solutions  are 


obtained  for  the  sandwich  pipe  subjected  to 
a  bending  moment  of  1  kN.  The  pipe  has  an 
inner  radius  of  50  mm,  a  core-layer 
thickness  of  20  mm,  and  skin-layer 
thickness  of  2  mm.  The  material  properties 
are  given  in  Table  1 . 


Table  1  Material  properties  of  skin  layers  and  resin 


Properties 

T300/934 

E-Glass/Epoxy 

Resin 

E„  (GPa) 

141.6 

43.4 

1.2 

Ey  (GPa) 

10.7 

15.2 

1.2 

G„  (GPa) 

3.88 

6.14 

0.46 

yyx 

0.268 

0.29 

0.30 

Kv 

0.495 

0.38 

0.30 

Figure  2  shows  the  axial  stress  curves 
varying  with  the  winding  angle  under  the 
bending  load.  The  effect  of  the  winding 
angle  on  stress  variation  is  much  larger  for 
the  carbon  fibers  (T300/934)  than  for  the 
glass  fibers  (E-Glass/Epoxy)  because  carbon 
fibers  have  larger  anisotropic  properties.  As 
shown  in  Fig.  2,  both  inner  and  outer 
surfaces  of  the  sandwich  pipe  are  subjected 
to  almost  constant  axial  stresses  when  the 


0  15  30  45  60  75  90 


Winding  angle  (deg.) 

Fig.  3  Effect  of  the  winding  angle  on  the  radial 
stresses  of  a  pipe 
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winding  angle  is  larger  than  60°,  and  the 
axial  stress  at  the  outer  surface  is  higher  than 
that  at  the  inner  surface.  For  a  pipe  within  a 
certain  range  of  winding  angles,  however,  it 
is  observed  that  the  axial  stress  at  the  inner 
surface  is  higher  than  that  at  the  outer.  It  is 
well  known  that  this  situation  should  be 
prevented  in  the  case  of  pipes  with  isotropic 
or  lower  anisotropic  materials. 

Figure  3  shows  the  variation  of  the 
radial  stress  for  the  two  interfaces  between 
the  core  and  skins.  The  radial  stresses  at  the 
interfaces  may  be  tensile  or  compressive  for 
pipes  with  different  winding  angles.  The 
outer  interface  is  subjected  to  larger  radial 
stress  than  the  inner  interface  when  the 
winding  angle  varies  from  zero  to  about  58°, 
while  the  inner  interface  has  higher  stress 
when  the  winding  angle  is  larger  than  58°. 
For  a  pipe  with  longitudinal  fiber  orientation 
( <f>  =0),  it  is  observed  from  Fig.  3  that  the 
axial  stress  equals  to  zero.  This  is  because 
stress  states  degenerate  into  those  of 
isotropic  materials  in  the  case  of  the 
transverse  isotropy  of  composites  with 
respect  to  the  longitudinal  direction. 

Conclusions 

A  method  was  presented  to  analyze 
the  stress/strain  and  deformation  of 
multi-layered  fiber-reinforced  composite 
pipe  under  pure  bending.  Using  the 
formulations  derived  in  the  present  study, 
the  stresses  and  deformation  of  the 
filament-wound  sandwich  pipe  subjected  to 
bending  load  were  investigated  and 
discussed.  It  has  been  shown  that  the 
stresses  and  strains  depend  strongly  on  the 
winding  angle  when  the  pipe  has  the 
filament-wound  layers  with  highly 
anisotropy,  such  as  T300/934.  It  was 
observed  that  the  axial  stresses  and  strains  at 
the  inner  surface  could  be  higher  than  those 


at  the  outer  surface  for  a  pipe  within  certain 
range  of  winding  angles. 
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Abstract 

Many  bridges  were  severely  damaged 
by  the  1995  Hyogo-ken  Nanbu  Earthquake. 
Because  of  this  lesson,  the  fundamental 
design  concept  was  changed  so  that  the 
girder  may  be  prevented  from  falling  down 
even  if  the  same  earthquake  occurs.  To  this 
end,  many  researchers  have  studied  so  far  the 
shock  absorber  for  a  bridge  restrainer  system 
from  the  viewpoints  of  both  the  high-energy 
absorption  and  the  reduction  of  impact  load. 
The  static  and  high-speed  compression  tests 
were  performed  previously  in  order  to 
examine  the  static  and  dynamic  properties  of 
the  laminated  fiber  reinforced  rubber.  In  this 
paper,  the  weight  dropping  impact  test  was 
carried  out  to  investigate  the  buffer  effect  of 
the  laminated  fiber  reinforced  rubber.  It  is 
recognized  that  the  laminated  fiber 
reinforced  rubber  is  much  better  material 
than  the  usual  rubber  with  respect  to  the 
reduction  of  the  impact  load  at  high  input 
energy. 

Key  Words:  Shock  absorber,  Laminated 
fiber  reinforced  rubber,  Weight  dropping 
impact  test 

Introduction 

The  1995  Hyogo-ken  Nanbu  Earthquake 
caused  the  destructive  damage  to  highway 


Photol.  Structure  of  laminated  fiber  reinforced  rubber 


bridges.  Falling-down  and  nearly 
falling-down  of  girders  occurred  at  9  sites  . 
Because  of  this  lesson,  the  Design 
Specifications  of  Highway  Bridges  2  is 
revised  so  that  the  recurrence  of  falling-down 
of  girders  may  be  prevented  even  if  an 
equivalent  earthquake  occurs.  Therefore,  the 
description  about  bridge  restrainer  systems  is 
added  to  this  new  Design  Specifications  of 
Highway  Bridges.  Besides  this  specification, 
it  is  proposed  that  the  falling-down 
prevention  devices  are  equipped  with  shock 
absorbers  such  as  a  rubber.  In  case  of  severe 
earthquakes,  a  shock  absorber  is  required  to 
reduce  the  impact  load  that  acts  on  the 
falling-down  prevention  devices  and  to 
absorb  the  kinetic  energy  of  girders 
simultaneously.  However,  it  is  difficult  to 
satisfy  these  two  performance  requirements 
at  the  same  time.  A  material  which  has  the 
high  stiffness  can  absorb  a  large  amount  of 
the  energy.  On  the  other  hand,  that  material 
cannot  reduce  the  impact  load.  Therefore,  it 
is  necessary  to  develop  a  new  kinds  of  shock 
absorber,  which  may  be  satisfied  the  two 
performance  requirements  simultaneously. 
In  this  study,  we  focus  on  a  laminated  fiber 
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Photo2.  Overview  of  the  weight  dropping  machine 


Figurel.  Test  setup  and  location  of 
the  measurement  devices 


Tablel.  Material  properties  of  laminated  fiber 
reinforced  rubber _ _ 


Fiber 

Rubber 

High 

tension 

(HMF) 

Middle 

tension 

(MMF) 

Low 

tension 

(LMF) 

Hardness 
degree  of  65 
(R60) 

Material 

6-nylon 

6,6-nylon 

Vinilon 

Natural 

rubber 

Tensile 

strength 

5292 

<N/3cm) 

2646 

(N/3cm) 

1764 

(N/3cm) 

20  (MPa) 

Elongation 
percentage 
at  break 

40  (%) 

25  (%) 

20  (%) 

600  (%) 

R65 

LMF5 

LMF25 

MMF5 

HMF5 


Displacement  (mm) 

Figure2.  Load  -  displacement  curves 


reinforced  rubber  newly  developed  as  a 
shock  absorber  as  shown  in  Photo  1.  It  is 
expected  that  the  laminated  fiber  reinforced 
rubber  is  more  useful  shock  absorber  than  the 
usual  rubber,  because  it  was  found  from  the 
static  compression  test  3  that  the  load 
displacement  curve  of  the  laminated  fiber 
reinforced  rubber  shows  the  elasto-plastic 
behavior  because  the  fibers  break  at  a  certain 
load  level.  In  this  paper,  the  weight  dropping 
impact  test  was  carried  out  in  order  to 
examine  the  buffer  effect  of  the  laminated 
fiber  reinforced  rubber  as  a  shock  absorber, 
that  is,  to  investigate  the  energy  absorption 
and  the  load  reduction  effect. 

Weight  dropping  test 

Test  setup  and  specimens 

The  weight  dropping  impact  test  was 
performed  by  using  the  weight  dropping 
machine  as  shown  in  Photo  2  and  Figure  1. 
The  shape  of  the  specimen  is  a  rectangular 
cross  section  that  has  150mm  long,  150mm 
wide  and  50mm  high.  In  this  test,  three  kinds 


of  fiber  are  prepared.  These  kinds  of  the  fiber 
have  different  tensile  strength  as  shown  in 
Table  1.  The  laminated  fiber  reinforced 
rubber  is  produced  that  the  fibers  are 
laminated  into  the  rubber  with  hardness 
degree  of  65.  In  this  test,  five  kinds  of 
specimen  are  used,  that  is,  the  natural  rubber 
with  hardness  degree  of  65  (R65)  and 
laminated  fiber  reinforced  rubber  which  has 
5  layers  of  the  low  tension  fiber  (LMF5),  25 
layers  of  the  low  tension  fiber  (LMF25),  5 
layers  of  the  middle  tension  fiber  (MMF  5) 
and  5  layers  of  the  high  tension  fiber 
(HMF5). 

Test  condition  and  Measuring  system 

The  static  compression  test  on  the 
laminated  fiber  reinforced  rubber  is  carried 
out  ahead  of  the  weight  dropping  test  because 
the  energy  which  is  applied  to  the  specimen 
is  determined.  Figure  2  shows  the 
load-displacement  curves  on  the  static 
compression  test.  The  required  energy  for 
breaking  the  fibers  can  be  obtained  from  the 
results  of  the  compression  test.  This  required 
energies  of  LMF5,  LMF25,  MMF5  and 
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(a)  R65and  LMF  (b)  R65,  LMF5,  MMF5  and  HMF5 

Figure  3.  Time  history  of  the  transmitted  impact  load  (input  energy  Ej  =  l.OkN*  m) 


Time  (sec) 

(a)  R65and  LMF 

Figure  4.  Time  history  of  the  transmitted  impact 


Time  (sec) 

(b)  R65,  LMF5,  MMF5  and  HMF5 
load  (input  energy  E;  =  10.0kN*m) 


Table  2.  Maximum  transmitted  impact  load 


Specimen 

Maximum  transmitted  impact  load 
:unit  (kN) 

Ej=1.0kN-m 

E,=10.0kN-m 

R65 

1X4.8 

991.5 

LMF5 

203.8 

687.1 

LMF25 

268.9 

803.9 

MMF5 

167.5 

670.9 

HMF5 

168.4 

765.6 

HMF5  are  0.51,  1.13,  1.33  and  2.96  kN-m, 
respectively. 

The  falling  weight  was  set  at  W  =  4.0 
kN  and  the  falling  height  was  set  at  H  =  0.25 
and  2.5m  (impact  velocity  Vi  =  2.21  and 
7.00m/s,  respectively),  that  is,  the  input 
energy  (the  applied  impact  energy)  was  set  at 
Ej  =1.0  and  lO.OkN'm.  The  input  energy  Ej 
=  l.OkN'm  is  the  energy  that  the  laminated 
fibers  in  all  kinds  of  specimen  may  never 
break.  On  the  other  hand,  the  input  energy  Ej 
=  lO.OkN’m  is  the  energy  that  the  laminated 
fibers  in  all  kinds  of  specimen  break 
perfectly.  As  for  the  measurement  items,  the 
transmitted  impact  load  is  measured  by  using 


the  2000kN  load  cell  and  the  traveling 
distance  of  the  weight  is  measured  by  using 
the  laser  displacement  sensor  as  shown  in 
Figure  1. 

Results  and  consideration 

Figures  3  and  4  show  the  transmitted 
impact  load-time  relations.  It  can  be  seen 
from  Figure  3  that  the  maximum  transmitted 
impact  load  of  the  laminated  fiber  reinforced 
rubber  is  larger  than  that  of  the  natural  rubber 
and  the  impact  duration  of  the  laminated 
fiber  reinforced  rubber  is  shorter  than  that  of 
the  natural  rubber.  This  is  because  he 
stiffness  of  the  laminated  fiber  reinforced 
rubber  in  elastic  region  is  larger  than  that  of 
the  natural  rubber.  In  other  words,  the 
laminated  fibers  don’t  break  because  of  the 
small  input  energy.  However,  it  is  found 
from  Figure  4  that  when  the  input  energy  is 
larger,  the  maximum  transmitted  impact  load 
of  the  laminated  fiber  reinforced  rubber 
becomes  smaller  than  that  of  the  natural 
rubber.  The  reason  why  the  maximum 
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Table  3.  Energy  absorption  ratio 


Specimen 

Energy  absorption  ratio  (%) 

Epl.OkN-m 

E;=10.0kN‘  m 

R65 

72.1 

85.0 

LMF5 

86.6 

88.7 

LMF25 

88.9 

90.4 

MMF5 

89.3 

87.8 

HMF5 

86.5 

85.5 

transmitted  impact  load  is  reduced  is  that  the 
laminated  fiber  reinforced  rubber  absorbs  the 
kinetic  energy  by  breaking  the  laminated 
fibers.  Table  2  shows  the  maximum 
transmitted  impact  load.  In  Table  2,  the 
hatching  figures  represent  that  the  laminated 
fibers  break.  For  example,  when  the  natural 
rubber  with  hardness  degree  of  65  is 
compared  with  the  LMF5  specimen  (low 
tension  fiber,  5ply),  the  maximum 
transmitted  impact  load  of  the  laminated 
fiber  reinforced  rubber  become  about  0.7 
times  smaller  than  that  of  the  natural  rubber. 
Therefore,  the  laminated  fiber  reinforced 
rubber  is  effective  as  a  shock  absorber  rather 
than  the  natural  rubber  from  the  viewpoint  of 
the  reducible  effect  of  the  transmitted  impact 
load  at  high  input  energy. 

Table  3  shows  the  energy  absorption 
ratio  (AE).  The  energy  absorption  ratio  is 
defined  as  follows 

AE  =  x  100  (1) 

E 

in  which  E  and  E’  are  the  kinetic  energy 
before  and  after  the  collision,  respectively. 
The  velocity  of  the  weight  is  obtained  by 
differentiating  the  traveling  distance  with 
respect  to  time.  It  can  be  seen  from  Table  3 
that  the  energy  absorption  ratio  of  the 
laminated  fiber  reinforced  rubber  is  larger 
than  that  of  the  natural  rubber  in  every  test 
case.  Therefore,  the  laminated  fiber 
reinforced  rubber  can  absorb  the  kinetic 
energy  of  the  weight,  that  is,  the  velocity  of 
the  weight  after  the  collision  can  be  smaller. 


Conclusions 

The  following  conclusions  are  drawn 
from  this  study. 

1)  In  the  case  of  the  small  input  energy,  the 
transmitted  impact  load  of  the  laminated 
fiber  reinforced  rubber  is  larger  than  that  of 
the  natural  rubber.  Because  the  stiffness  of 
the  laminated  fiber  reinforced  rubber  is  larger 
when  the  laminated  fibers  don’t  break. 

2)  On  the  other  hand,  in  the  case  of  the  large 
input  energy,  the  transmitted  impact  load  of 
the  laminated  fiber  reinforced  rubber  is  about 
0.7  times  as  that  of  the  natural  rubber  because 
of  breaking  the  fibers 

3)  The  laminated  fiber  reinforced  rubber  can 
absorb  the  kinetic  energy  better  than  the 
natural  rubber.  As  a  result,  the  velocity  of  the 
weight  after  the  collision  is  smaller. 

As  the  results  of  the  weight  dropping 
impact  test  on  the  laminated  fiber  reinforced 
rubber  and  the  natural  rubber,  it  is  concluded 
that  the  laminated  fiber  reinforced  rubber  is 
useful  material  as  a  shock  absorber  for  bridge 
restrainer  system. 
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Abstract 

This  paper  presented  results  of  a 
series  of  single-lap  shear  bond  tests  to 
clarify  the  bond  force  transfer  capacity  of 
carbon  fiber  sheet  (CFS)-concrete  interface, 
in  which  resin  was  treated  as  a  main 
experimental  parameter.  Influences  of 
different  epoxy  resins’  Young’s  Modulus 
(0.35~3GPa),  and  different  adhesive  layer 
thickness  (0.5mm,  1.0mm,  2.0mm)  were 
observed.  CFS  stiffness  (1  to  3  layer  CFS) 
was  also  changed  to  compare  effects  of 
resins  in  the  cases  of  different  FRP 
sheet/adhesive  stiffness  ratio.  Based  on  the 
experimental  results,  influences  of  resins 
on  tensile  strength  of  CFS,  force  transfer 
capacity  of  CFS-concrete  interface  and 
failure  types  were  discussed.  It  could  be 
seen  from  the  experiments  that  changing 
thickness  of  resins  in  adhesive  layer  from 
1.0mm  to  2.0mm  will  increase  the 
interface  force  transfer  capacity 
significantly  especially  in  the  case  of  CFS- 
concrete  interface  with  3  layers  CFS. 
Applying  moderately  soft  resins  can 
improve  the  load  transfer  capacity  of  CFS- 
concrete  interface  as  well.  However,  it 
must  be  noted  that  harmful  decrease  of 
CFS  tensile  strength  will  be  brought  out  by 
using  low-Young’s  modulus  resin  as  CFS 
immersing  matrix.  As  a  result,  during  the 
sheet  bonding  construction  period  soft 
resin  can  be  regarded  as  a  choice  of  not 
immersing  matrix  but  interface  bond 
adhesive.  Based  on  the  analysis  of 
experimental  data,  a  sandwich  bonding 
system  was  proposed  to  improve  the  bond 
effects  of  CFS-concrete  interface. 

Keywords:  Carbon  fiber  sheet-concrete 
interface,  Soft  epoxy  resin,  Sandwich 
bonding  system.  Bond  force  transfer 

Introduction 

To  get  good  bonding  effects  of  CFS- 


-concrete  interface,  many  experimental 
parameters  such  as  bond  length,  concrete 
strength  and  surface  processing,  stiffness 
of  CFS,  and  bond  width,  primer’s  effects 
and  anchorage  have  been  studied  in  the 
past[1'6].  It  is  widely  known  the  CFS 
strengthening  effects  strongly  rely  on  the 
performance  of  adhesives.  However,  work 
related  to  effects  of  resins  has  been  seldom 
reported  though  different  types  of  resins 
with  a  wide  range  of  tensile  Young’s 
modulus  from  lGpa  to  12GPa  have  been 
used  in  previous  studies.  Saadatmanesh, 
etc.[7]  and  Ritchie,  etc.[8]  verified  a  two-part, 
rubber-toughened  epoxy  to  be  a  most 
suitable  choice.  Chajes  etc.  applied  four 
types  of  adhesives  in  their  experiments  and 
found  the  resin  (with  Young’s  modulus  of 
0.25GPa  and  elongation  of  60%)  itself 
failed  ahead  of  concrete  failure  p].  In 
general,  not  soft  resins  but  resins  with  high 
Young’s  modulus  are  preferred  to  achieve 
higher  maximum  bond  stress.  Trough 
appropriate  bonding  system,  however,  it  is 
possible  for  applying  moderately  soft  resin 
to  adjust  the  stress  distribution  in  concrete 
surface  and  alleviate  the  problem  of 
peeling  off.  And  also,  to  get  accurate 
constitutive  model  for  bond  interface,  it  is 
necessary  to  quantify  the  influences  of 
resin  mechanical  properties  such  as 
Young’s  modulus  and  fracturing  strain. 
Moreover,  the  influences  of  resin’s 
thickness  in  adhesive  layer  need  to  be 
clarified.  To  reach  the  goals,  the  paper 
presented  a  basic  experimental  approach  to 
discuss  the  effects  of  resins  on  bond  force 
transfer  at  CFS-concrete  interface. 

Outline  of  Experiment 
Test  setup 

A  single-lap  shear  bond  test  method  was 
applied  in  the  research  (Fig.l). 
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The  test  setup  included  a  steel 
basement  connected  to  the  strong  floor, 
concrete  block  (40x20x60cm),  CFS  with 
the  width  of  10cm  externally  bonded  to  the 
concrete  block,  and  connectors  between 
the  end  of  CFS  sheet  and  actuator,  which 
contained  two  hinges,  ensuring  that  the  end 
of  CFS  can  be  rotated  in  all  direction  freely 
To  achieve  uniform  pull-out  force,  two 
steel  plates  were  adhered  to  both  sides  of 
CFS.  Additional  bolts  were  used  to 
enhance  the  bond  between  sheet  and  steel 
plates.  In  order  to  avoid  the  local  damage 
of  concrete  block,  unbonded  area  was  set 
by  using  vinylon  to  separate  concrete 
surface  from  sheet.  Strain  gages  were 
arranged  with  interval  of  1.0cm  along  the 
pull-out  direction  on  the  surface  of  CFS. 
To  check  whether  the  load  was  eccentric  or 
not,  some  strain  gages  were  attached  on  the 
un-bonded  area  of  sheet  symmetrically 
(Fig.  1). 


fiK®§  *  actuator 

rr* 

• — "  *  hngss 


Fig.l  Single-lap  shear  bond  test  setup 

Experimental  materials 
CFS  and  adhesives  used  in  the  study  have 
mechanical  properties  shown  in  Table.  1 
and  Table. 2  respectively.  Concrete  with  the 
same  mixing  ratio  applied  in  the 
experiments  had  the  average  compressive 
strength  of  3 3.1  MPa. 


Table  1  Mechanical  properties  of  CFS 


Density  Thickness  Tensile 
(g/m2)  (mm)  strength 

(MPa) 

Young’s 

modulus 

Eca(GPa) 

Fracture 

strain 

Cu(%) 

1.8-2.0  0.11 

3480 

230 

1.5 

Table  2  Properties  of  adhesives 

Type 

CN-100 

SX325 

FR-E3P 

Compressive 

modulus(GPa) 

0.35 

1.0 

2.5 

Mixture  ratio 
(resin/hardener) 

1:1 

2:1 

2:1 

Bonding  system 

Concrete  surface  was  smoothly  dealt  with 
concrete  sanders  (Makita  PC9001)  till 
coarse  aggregates  were  heavily  exposed. 
After  the  primer  (FP-NS)  was  cured  for  24 
hours,  adhesive  resins,  CFS  and  resin 
matrix  were  set.  Through  calculating  the 
weight,  thickness  of  resins  was  controlled. 
There  are  two  bonding  systems  named  as 
plate  bonding  and  sheet  bonding  In  this 
paper  the  later  was  applied  and  the  resins 
used  for  CFS  matrix  and  for  adhering  layer 
were  same.  It  has  been  known  that  using 
primer  improves  the  bond  effects  of  CFS- 
concrete  interface [2i.  To  study  the  necessity 
of  primer  when  lower  Young’s  modulus 
resins  SX-325  and  CN-100  with  moderate 
and  lower  viscosity  were  used,  two  more 
specimens  without  using  primer  (series  5 
in  table  3)  were  prepared. 

Experimental  results  and  discussion 

Description  of  failure  types 
In  this  study,  the  following  four  types  of 
failure  were  observed:  (1)  Peeling-off  of 
CFS  was  totally  developed  without  CFS 
fracture,  and  concrete  surface  (a  thin  layer 
beneath  the  concrete  surface)  failure 
occurred  (Fig  2.1);  (2)  Partial  peeling-off 
of  CFS  was  developed  and  CFS  fractured 
(Fig2.2),  concrete  surface  failure  occurred; 
(3)  Peeling-off  of  CFS  was  initiated  but  not 
fully  developed,  CFS  fractured,  and 
concrete-adhesive  interface  failure  (Almost 
no  concrete  damage  occurred)  occurred 
(Fig.2.3);  (4)  CFS  fractured  without 

peeling-off  (Fig2.4). 


Fig2.1  Failure  type  1  Fig2.2  Failure  type  2 


Fie2.3  Failure  tvpe  3  Fig2.4  Failure  type  4 


380 


Table  3  Test  results  of  specimens 


Test  No.  of 

specimens1 

Series 

Failure  Failure 
type  load 

_  Pu(KN) 

~~T~t - 

(MPa)3 

1 

R1-L1-T1 

1 

35.3 

3209 

R1-L2-T1 

1 

51.3 

2332 

R1-L3-T1 

1 

52.04 

1577 

2 

R2-L1-T1 

2 

53.01 

4819 

R2-L2-T1 

4 

38.8 12 

1764 

R2-L3-T1 

2 

43.34* 

1313 

3 

R3-L1-T1 

4 

22.5 

2045 

R3-L2-T1 

4 

43.2 

1964 

R3-L3-T1 

2 

72.9 

2209 

4 

R1-L1-T2 

4 

46.8 

4255 

R1-L1-T3 

1 

46.8 

4255 

R1-L3-T2 

1 

75.6 

2291 

R1-L3-T3 

1 

45.9 

1391 

5 

R2-L1-T1(NP) 

2 

45.9 

4173 

R3-L1-T1(NP) 

3 

22.5 

2045 

Note  1:  R-N1-L-N2-T-N3,  N1  is  resins’  typer  (1,2 
and  3  mean  FR-E3P,  SX325  and  CN-100 
respectively);  N2  is  the  number  of  CFS  layer;  N3  is 
the  thickness  of  adhesive  resinsr  (1,2  and  3  mean 
Omm,  2,0mm  and  0.5mm  respectively,  NP  means 
that  primer  was  not  used). 

Note  2:  Eccentric  tensile  failure  was  observed 
Note  3:ocfef  is  the  nominal  tensile  stress  of  CFS  at 
failure,  <Jcf/  -Pu!nbt  ,  b  is  width  of  CFS,  t  is 
thickness  of  1  layer  CFS,  n  is  number  of  CFS  layer. 


due  to  the  CFS  fracturing.  For  R2  series 
with  two  and  three  layers,  though  peeling- 
off  happened,  the  failure  load  was  lower 
because  of  the  eccentric  loading  effects. 
This  means  that  eccentric  load  could  cause 
the  earlier  peeling-off  and  decrease  the 
load  transfer  capacity.  For  Series  R3,  it  can 
be  seen  the  using  of  soft  resin  for  CFS 
matrix  will  decrease  the  CFS  tensile 
strength  significantly.  It  is  difficult  to 
predict  the  ultimate  bond  force  of  CFS- 
concrete  interface  exactly  because  CFS 
failed  ahead  of  total  peeling-off  However, 
it  can  be  said  at  least  that  the  actual  load 
transfer  capacity  of  the  interface  would  be 
higher  than  the  observed  values.  Figure  3 
shows  the  influence  of  Resins’  Young’s 
modulus  on  the  ultimate  load  transfer  value 
of  CFS-concrete  interface  with  1  and  3 
layer  CFS. 

#1  layer C FS  «3  byerCFS 

g  80 

a 

'1 40 

-u20 
0 


•_Faibre  -type  2  @209M  pa) 

"*  - - ^  _  Faibre  type  t  (1577M  Pa) 

!♦  Faibre  type2l»8T9,SfPa).« 

T  -  -  -  -  _ 

Faibre  type2  031 3M  Pa)  - -  ♦ 

+  Faibre  typel  Q209M  pa) 

Faibre  type4 £045M  Pa*) 


Effects  of  primer 

By  comparing  Fig.2.2  with  Fig.2.3,  it  can 
be  seen  that  for  R3  (resin  CN-100),  the 
primer  has  obvious  effects  on  bond  failure. 
The  concrete-adhesive  interface  of 
specimen  without  primer  failed  ahead  of 
concrete  surface  failure.  Moreover  it  can 
be  known  from  Table  3,  specimen  R3L1T1 
and  R3L1T1  (NP)  failed  under  the  same 
ultimate  load  due  to  CFS  fracturing.  For 
R3L1T1  peeling-off  was  not  initiated, 
which  means  that  the  force  transferring 
ability  is  higher  than  that  of  R3L1T1  (NP). 
For  R2  (resin  SX325),  in  both  cases  of 
with  and  without  primer,  concrete  surface 
failure  happened  but  the  ultimate  load  was 
increased  by  15.4%  due  to  the  using  of 
primer. 

Effects  of  Resins’  Young’s  Modulus 
For  all  the  specimens  using  R1  (high 
stiffness  resin  FP-E3P)  except  specimen 
R1L1T2  with  a  thick  adhesive  layer,  total 
peeling-off  with  concrete  surface  failure 
happened.  CFS  fracturing  was  not 
observed.  While  for  all  specimens  using 
R2  (moderately  soft  resin  SX325)  and  R3 
(soft  resin  CN-100),  the  failure  happened 


Fig.3  Resin’s  effects  on  load  transfer  capacity 

*:  the  values  shown  in  the  brackets  in  figure. 3  is 
nominal  tensile  strength  of  CFS  at  failure  ac6f 

The  arrows  in  Fig.3  show  the  actual 
load  transfer  capacity  could  become  high. 
The  low  observed  values  were  due  to  the 
CFS  failure  under  eccentric  load.  It  must 
be  noted  when  resins  with  Young’s 
modulus  of  0.35GPa  was  applied  as  CFS 
immersing  matrix,  the  CFS  nominal  tensile 
strength  at  failure  became  around 
2000MPa,  which  is  far  below  the  actual 
ultimate  tensile  strength  of  CFS. 

Effects  of  adhesive’s  thickness 


Fig.4  Relationship  between  resin’s 
thickness  and  load  transfer  capacity 
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It  can  be  seen  from  Fig.4  that  the 
increasing  of  adhesive  thickness  can 
improve  the  interface  load  transfer  only 
slightly  in  the  case  of  CFS-concrete  with 
one  layer,  because  the  load  transfer 
capacity  was  controlled  by  CFS  breakage. 
While  in  the  case  of  three  layer  CFS  where 
peeling-off  controlled  the  load  transfer 
capacity,  the  influence  is  significant.  The 
increasing  percentage  is  above  60%  when 
the  resin  thickness  changes  from  0.5mm  to 
2.0mm. 


A  Solution  to  improve  the  load  transfer 
ability  of  CFS-concrete  interface 
Base  on  the  experimental  results  and  above 
analysis  of  this  study,  a  sandwich  bonding 
system,  consisting  of  primer  resin,  soft 
resin  as  adhesive  layer  and  harder  resin  as 
immersing  resin  for  carbon  fiber  sheet,  is 
proposed  as  shown  in  Fig. 5. 


Carbon  fber  sheet  with 
opthum  res n  matrix 


Soft  resn  w  ith 
optmum  thickness 


Prmer  w  rth 
m  oderate  Y  oung’ s 
---injgdu  Lis 
concrete 

Fig.5  Sandwich  bonding  system 


Primer  will  play  a  role  of  preventing 
adhesive-concrete  interface  failure,  soft 
resin  will  improve  the  load  transfer 
capacity  of  CFS-concrete  interface,  and 
resin  matrix  with  optimum  stiffness  and 
fracturing  strain  will  ensure  the  tensile 
strength  of  carbon  fiber  sheets. 

Conclusions 

Based  on  the  results  of  this  study,  the 
following  conclusions  here  can  be  drawn 
up  for  the  range  of  experimental  variables 
in  this  study: 

1.  Soft  resin  can  be  applied  in  adhesive 
layer  to  improve  the  load  transfer  capacity 
of  CFS-concrete  interface.  Between  soft 
resin  and  concrete,  primer  is  necessary  to 
prevent  adhesive-concrete  interface  failure 
(or  ensure  concrete  failure  to  happen). 

2.  Soft  resin  is  not  suitable  for  the  matrix 
of  carbon  fiber  sheet  (CFS)  because  it  will 
decrease  the  nominal  tensile  strength  of 
CFS  significantly. 


3.  Increasing  the  thickness  of  adhesive 
layer  will  improve  the  load  transfer 
capacity  especially  in  the  case  of  high  CFS 
stiffness. 

4.  The  sandwich  bonding  system  proposed 
here  is  a  selectable  way  to  improve  CFS- 
concrete  bond  properties.  To  quantify  and 
optimize  the  improving  effects,  further 
experimental  and  theoretical  verifications 
are  needed. 
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Abstract 

In  this  paper,  bending  tests  on  RC 
beams  strengthened  with  hybrid  fiber  sheets, 
consisting  of  different  types  of  fibers,  were 
conducted  to  investigate  the  effect  on  failure 
mechanism  and  strengthening  effects.  In 
contrast  to  the  normal  bonding  method  with 
single  type  of  continuous  fiber  sheets, 
significant  improvements  can  be  achieved  in 
ductility,  stiffness  and  crack-resistance 
through  externally  bonding  hybrid  fiber 
sheets. 

Key  Words:  Fiber  Reinforced  Polymers, 
Hybrid,  Ductility,  Stiffness,  Bonding 

Introduction 

The  application  of  fiber  reinforced 
polymer  (FRP)  sheets  (or  plates)  (such  as 
glass,  aramid,  and  carbon  fiber  sheets  or 
plates  molded  with  either  epoxy  or  polyester 
resin),  as  an  externally  bonded 
reinforcement,  have  been  widely  accepted  as 
an  effective  technique  of  strengthening  and 
upgrading  structurally  inadequate  or 
damaged  concrete  structures.  Unlike  the 
cold  worked  steel,  they  stay  elastic  until 
failure  and  fail  in  a  noticeably  brittle  way. 
Therefore,  the  following  two  disadvantages 
may  consist  in  an  FRP-strengthened  system: 

1)  The  FRP-strengthened  concrete 
structures  can  fail  momentarily  without 
any  foreboding  due  to  the  FRP  rupture 
or  debonding  of  FRP  sheets; 

2)  The  strengthening  effects  with  either 
aramid  or  glass  fiber  sheets  on  stiffness 
increase  before  the  yielding  of  steel 
reinforcement  and  load  increase  at  the 
yielding  of  steel  reinforcement  are  not 
significant.  Even  for  the  case  of  carbon 
fiber  sheets  with  a  regular  Young 


modulus  equivalent  to  steel 
reinforcement,  the  effects  are  still  not 
enough  due  to  the  reason  that  the 
reinforcing  ratio  of  FRP  sheets  is 
relatively  low. 

One  idea  to  incorporate  the 
ductility  and  the  stiffness  is  to  use  a  hybrid 
composite  which  consists  of  different  types 
of  fiber  sheets  such  as  glass,  aramid,  vinylon, 
and  carbon  fiber  composites  with  different 
strengths  and  stiffnesses,  which  fail  at 
different  strains  during  load  history,  thereby 
allowing  a  gradual  failure  of  the  composites 
[1,2]. 

In  this  paper,  the  strengthening 
effect  and  fracture  behavior  of  RC  beams 
strengthened  with  hybrid  composites  are 
investigated  through  bending  tests  on 
different  hybrid  composites  including  high 
strength  carbon  fiber  sheet  (hereinafter 
denoted  by  SS  for  short),  high  modulus 
carbon  fiber  sheet  (hereinafter  MS  for  short) 
and  a  newly  developed  PBO 
(Polypara-phenylene-benzo-bisthiazol)  fiber 
sheet  (hereinafter  PS  for  short)  which 
demonstrate  better  tolerance  to  impact  than 
carbon  and  aramid  FRP  systems  as  shown  in 
Fig.  1. 


0  5  10  15 

Displacement (mm) 

Fig.  1  Result  of  Impact  Test 
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Description  of  Test  Program 
Test  Specimens 

Three  types  of  beam  specimens  are  designed 
in  this  study.  The  dimensions  and 
cross-sectional  details  of  the  test  beam  as 
shown  in  Fig.  2,  where  Type  A  and  B  are 
FRP-strengthened  notched  RC  beams  with 
different  reinforcing  steel  bars,  Type  C  was 
unnotched  one.  Table  1  summarizes  the 
material  properties  of  specimens.  Three 
types  of  fiber  sheets  were  provided  to 
investigate  the  strengthening  effect  of  hybrid 
fiber  sheets  and  the  detailed  reinforcing 
sheets  are  listed  in  Table  2. 


Type  A  Type  B  Type  c 


Fig.  2  Details  of  Beam  Specimens 


Table  2  Test  Specimens 


Specimens 

Reinforc¬ 
ing  bars 

Fiber  shccl  type 

Total 

Layers 

NR-D19-A 

- 

- 

2SS-D19-A 

SS(2  layers) 

2 

2PS-D19-A 

D19 

PS(2  layers) 

2 

2SS1MS-D19-A 

SS(2  layers) +  MS{1  layer) 

3 

2PS1MS-D19-A 

PS(2  layers)  +  MS(1  layer) 

3 

1SS-D13-C 

SSfl  layer) 

1 

2SS-D13-C 

SS(2  layers) 

2 

2PS-D13-B 

D13 

PS(2  layers) 

2 

2SS1MS-D13-C 

2PS1MS-D13-B 

SS(2  layers)  +  MS(1  layer) 
PS(2  layers)  +  MS(1  layer) 

3 

3 

Test  Setup  and  Procedure 
Type  A,  B  and  C  beams  were  subjected  to 
four-point  and  three-point  bending  test, 
respectively,  as  shown  in  Fig.  3.  The  loading 
rate  is  controlled  as  lkN/min,  but  prior  to 
occurrence  of  crack,  loading  is  kept  at  each 
step  of  1KN  to  examine  whether  or  not 
crack  is  initiated. 

The  instrumentation  of  each  beam 
specimen  is  composed  of:  1)  two  LVDTs  at 
mid-span  for  deflection  measurement,  2) 
electrical  strain  gauges  bonded  on  the 
tension  steel  bar  to  measure  its  deformation, 
3)  clip  gauge  bonded  to  the  lateral  faces  of 
the  test  beam  for  crack-width  measurement 
and  4)electrical  strain  gauges  bonded  on  the 
surface  of  fiber  sheets,  some  of  them  are 
illustrated  in  Fig.  3  and  4. 


Fig.  3  Loading  Scheme 


Fig.  4  Measurement  Arrangement 
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Test  Results  and  Discussions 
Table  3  Experimental  Results 


Deflection  (mm) 


(b)  Type  B  specimens 


Deflection  (mm) 


(c)  Type  C  specimens 

Fig.  5  Load-Deflection  Relations 


Experimental  Results 

The  loads  for  crack  initiation,  yielding  of 
steel  bars  and  final  failure  and  failure  modes 
of  all  specimens  are  summarized  in  Table  3. 
The  strengthening  effect  of  different  fiber 
sheets  on  the  retrofitted  system  can  be 
clearly  illustrated  in  Fig.  5.  The  detailed 
discussions  will  be  made  in  what  follows. 

Discussions 

Four-Point  Bending  Test  on  Type  A 
As  shown  in  Fig.  5(a),  yielding  and  failure 
loads  can  be  enhanced  through  bonding  two 
layers  of  same  fiber  sheets  to  the  bottom  of 
RC  beams  as  compared  to  those  of  the  RC 
control  beam.  Adopting  hybrid  fiber  sheets 
with  higher  modulus  type  of  carbon  fiber 
sheet  yields  great  enhancements  in  yielding 
load  and  stiffness  of  the  strengthened  beams, 
comparing  with  both  control  beam  and 
strengthened  beams  with  single  type  of  SS 
or  PS  fiber  sheet  (2  layers).  Unfortunately, 
due  to  over-reinforcement  in 
2SS1MS-D19-A  and  2PS1MS-D10-A,  they 
failed  in  brittle  shear  failure  and  did  not 
show  superior  to  the  ones  strengthened  with 
single  fiber  sheets  in  ductility.  Therefore  the 
structural  strengthening  design  should  avoid 
brittle  shear  failure  due  to 
over-reinforcement  to  effectively  and 
efficiently  utilize  the  strengthening  effect  of 
FRP  composites. 

Three-Point  Bending  Test  on  Type  B  and  C 
In  order  to  avoid  such  shear  failure  as 
happened  in  Type  A  beam  strengthened  with 
hybrid  sheets  and  fully  utilize  the  hybrid 
effect,  tension  steel  bars  were  changed  from 
D19  to  D13  and  three-point  loading  was 
applied.  This  greatly  improved  the  failure 
modes,  as  shown  in  Table  5  and  Fig.  5(b), 
(c). 

Both  Fig.  5(b)  and  (c)  shows  that 
the  stiffness,  yielding  and  failure  loads  of 
strengthened  beams  with  hybrid  fiber  sheets 
can  be  enhanced  as  compared  to  those  of  the 
single  type  of  sheets.  Due  to  the  concrete 
crushing  at  the  failure  load,  2PS1MS-D13-B 
specimen  did  not  see  an  increase  in  ductility 
comparing  with  2PS-D13-B  specimen.  With 
regard  to  2SS1MS-D13-C  specimen,  a 
superior  performance  can  be  observed.  In 
addition,  a  pseudo-yielding  plateau  can  be 
observed  in  Fig.  5(b)  and  (c)  after  yielding 
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of  steel  bars,  which  can  be  attributed  to  the 
fact  that  gradual  rupture  of  higher  modulus 
fiber  sheet  led  to  stress  redistribution  in 
hybrid  sheets. 

In  order  to  compare  the 
strengthening  effect  between  PBO  fiber 
sheets  and  high  strength  type  of  carbon  fiber 
sheets,  the  pseudo-yielding  plateau  is 
magnified  in  Fig.  6  and  the  load  drop  versus 
the  times  is  depicted  in  Fig.  7.  A  larger  load 
drop  can  be  observed  for  the  high  strength 
type  of  carbon  fiber  sheets  during  the  load 
history  due  to  the  partial  rupture  of  fiber 
sheets,  which  may  fails  the  retrofitted 
system.  At  this  point,  PBO  fiber  sheets 
possess  higher  energy  absorption 
performance  and  keep  stable  load  drop  when 
subjected  to  impact  action  from  the  partial 
rupture  of  fiber  sheets. 

Seen  from  Fig.  8,  it  is  found  that 
crack  resistance  of  the  structure  can  be 
improved  by  hybrid  fiber  sheets.  However, 
no  significant  increase  can  be  found  in 
initial  cracking  load. 


Fig.  6  Pseudo-Yielding  Plateau 


Decrease  number  of  times 


Fig.  7  Load  Drop  Due  to  the  Partial 
Rupture  of  FRP  Composites 


Avenge  crick  opening  (mm) 


Fig.  8  Load  versus  Crack  Opening 
Conclusions 

Through  performing  flexural  tests 
on  RC  beams  strengthened  with  hybrid  fiber 
sheets,  the  following  conclusions  can  be 
drawn: 

(1)  The  structural  stiffness  and  yielding  load 
can  be  significantly  improved  through 
hybrid  fiber  sheets  with  high  modulus 
type  of  carbon  fiber  sheet,  which  is 
higher  than  steel  reinforcement  in 
modulus. 

(2)  The  hybrid  strengthening  effects  with 
hybrid  finer  sheets  on  overall  structural 
performance  can  be  realized  through 
rational  structural  strengthening  design. 

(3)  PBO  fiber  sheets  with  high  energy 
absorption  performance  may  stabilize 
the  strengthened  structure  with  hybrid 
fiber  sheets  with  a  lower  load  drop 
during  the  partial  rupture  procedure  of 
fiber  sheets. 
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Introduction 

To  repair  and/or  to  strengthen  existing 
Reinforced  Concrete  (RC)  structures,  Con¬ 
tinuous  Fiber  (CF)  sheet  made  of  carbon  or 
aramid  has  been  increasingly  applied  in  Japan 
[1].  Since  CF  sheet  has  no  yielding  point  as 
steel  reinforcement,  it  is  necessary  to  know 
sheet  strain  in  order  to  evaluate  stress  carried 
by  CF  sheet.  In  the  RC  member  retrofitted 
with  CF  sheet,  the  sheet  over  concrete  crack 
delaminates  from  concrete  surface  in  accor¬ 
dance  with  crack  opening.  Therefore,  the 
sheet  strain  depends  on  crack  width  and  de¬ 
laminating  sheet  length.  From  that  point  of 
view,  the  authors  have  developed  an  evalua¬ 
tion  method  for  shear  capacity  of  RC  mem¬ 
bers  retrofitted  with  CF  sheet,  in  which 
bonding  and  delaminating  behavior  between 
sheet  and  concrete  is  considered  [2].  This 
study  will  conduct  a  sensitivity  analysis  for 
shear  capacity  of  retrofitted  members  by  us¬ 
ing  the  proposed  evaluation  method.  The  in¬ 
fluences  of  various  factors  on  failure  mode 


and  shear  capacity  will  be  clarified  through 
the  parametric  analysis.  The  efficient  retrofit¬ 
ting  design  of  CF  sheet  will  be  discussed  on 
the  basis  of  the  analytical  results. 

Summary  of  The  Evaluation  Method  for 
Shear  Capacity 

Calculation  method 

The  detail  of  the  formulation  is  shown  in 
Reference  2.  Shear  capacity  of  RC  member 
retrofitted  with  CF  sheet  ( Vu )  is  calculated  as: 

K=K+K+Vf  (1) 

where  Vc  and  Vs  are  shear  force  carried  by 
concrete  and  stirrups  respectively  and  Vj  is 
shear  force  carried  by  CF  sheet.  The  calcula¬ 
tion  methods  for  Vc  and  Vs  conform  to  the 
JSCE  design  specification  [3].  Shear  force 
carried  by  CF  sheet  (Vj)  is  calculated  by  the 
proposed  evaluation  method,  which  is  based 
on  the  coupled  mechanical  models:  the  rigid 
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body  model  shown  in  Fig.l  and  the  bond 
constitutive  model  in  Fig.2. 


/th  divided  element 


Major  crack  section 

Fig.  1  Rigid  body  model 

Shear  stressr 


Delaminated 

_ _ _ ^ 

displacement^ 

Fig.  2  Constitutive  model 

The  calculation  procedure  is  summa¬ 
rized  in  Fig.  3.  Crack  opening  is  calculated 
by  the  rigid  body  model  and  the  assumed  ro¬ 
tary  angle.  Stress  analysis  is  executed  at  each 
divided  element,  in  which  bonding,  delami¬ 
nating  and  rupture  of  CF  sheet  are  taken  into 
account.  The  total  shear  force  carried  by  CF 
sheet  in  the  member  is  evaluated  as  the  sum 
of  the  shear  forces  in  the  divided  elements: 

vt=iy„  <2> 


I  Divided  the  major  crack  section  into  n  elements 

-  V  ~ 

I  Rotary  anglep  =0  | 

- Ap=p^  p\ — H  «=o  I 

|  J=PH  |* - 

_ 

[Stress  analysis  at  divided  element  | 

1 

Judgment  of  ruptured  sheet 

V  . 

The  tensile  force,  ('...at 
a  divided  element 

'eJIF — 1 

_  i  Yes 

The  shear  force  carried 
by  the  sheet  K=I  Vr. 

-  T  f - ^-J 

i - * - 1  Yes 

|  Is  Vf  smaller  than  the  previous  step?  | - 

'  1  No  ~ 

- Shear  compression  failure  ?  | 

_  j  Yes  _ 

| Shear  compression  failure  |  |$heet^upture  |^~ 

|  The  shear  "force  carried  by  the  sheet  Vf~] 

Fig.  3  Calculation  flow 


O  Compression  (Observed).  Compression  (Predicted) 
a  Rupture  (Observed),  Compression  (Predicted) 

□  N/A  (Observed),  Compression  (Predicted) 

■  N/A  (Observed).  Rupture  (Predicted) 

-20% 

600  ■  /  0 
/  / i  +20% 


200  400  600 

Observed  (kN) 

Fig.  4  Verification  of 

the  evaluation  method 


The  ultimate  shear  force  carried  by  CF  sheet  step  by  step.  The  proposed  computational 
is  defined  as  the  maximum  value  obtained  by  method  can  automatically  distinguish  the 
Eq.  (2)  while  the  rotary  angle  is  increased  typical  failure  modes  of  the  member  retrofit- 


ted  with  CF  sheet:  the  sheet  rupture  mode  and 
the  shear  compression  failure  one. 

Applicability 

The  authors  have  verified  the  applicability  of 
the  proposed  method  in  Reference  2.  The  re¬ 
sult  is  shown  in  Fig.  4.  Even  though  the  fail¬ 
ure  mode  is  not  completely  predicted,  the 
shear  capacity  is  predicted  with  sufficient 
accuracy  by  the  proposed  method. 


Table  1  Calculating  condition 


Overall  depth  of  member,  h 

350mm 

Effective  depth  of  member,  d 

300mm 

Thickness  of  sheet,  tj 

0.05  to  0.6mm 

Elastic  modulus  of  sheet,  Ef 

80  to  440  kN/mm2 

Tensile  strength  of  sheet,  ffi, 

1000  to  4000  N/mm2 

Critical  shear  stress  tc 

7.5N/mm2 

Critical  shear  displacement  8C 

0.2mm 

tf=0.05(mm)  — * —  tf  =0. 1  5 


0  100  200  300  400  500 

Ef(kN/mm2) 

*:  Sheet  rupture  prior  to  delaminating 

Fig.  5  Relationship  between  elastic 

modulus  ofsheetandthe  shearforce 

Discussion  about  Material  Property  of 
The  Sheet 

Elastic  modulus 

The  influence  of  the  elastic  modulus  of  CF 
sheet  on  the  shear  capacity  (Vj)  is  analytically 
investigated  by  the  proposed  method.  Calcu¬ 
lating  conditions  are  summarized  in  Table  1 . 


The  tensile  strength  of  the  sheet  is  assumed 
as  constant  value:  3000  N/mm2. 

Figure  5  shows  the  relationships  be¬ 
tween  the  elastic  modulus  of  CF  sheet  and  the 
shear  capacity  of  the  member  with  different 
number  of  sheet  layers.  In  cases  that  the  elas¬ 
tic  modulus  of  the  sheet  is  smaller  than  300 
kN/mm2,  the  sheet  delaminates  without  rup¬ 
turing.  In  such  cases,  the  failure  mode  of  the 
member  will  be  the  shear  compression  failure 
mode.  The  shear  capacity  increases  linearly 
with  increasing  of  the  elastic  modulus.  On  the 
other  hand,  in  cases  that  the  elastic  modulus 
is  greater  than  300  kN/mm2,  the  failure  mode 
of  the  member  will  be  the  sheet  rupture  mode. 
The  shear  capacity  depends  on  the  tensile 
strength  of  the  sheet  in  this  failure  mode. 
What  we  have  to  care  is  that,  if  the  thickness 
of  the  sheet  is  too  thin,  the  sheet  may  rupture 
before  delaminating.  In  this  case,  the  shear 
capacity  of  the  member  will  be  reduced.  It 
implies  that  the  minimum  amount  of  affixed 
sheets  should  be  noted  in  the  practical  design. 


— 4 —  tf=0.05(mm) 

— A— tr=0.15 

tf=0.30 

tf=0.60 

ffu  (N/mm2) 


*:  Sheet  delaminating  and  rupture 
**:  Sheet  rupture  prior  to  delaminating 


Fig.  6  Relationship  between  tensile 

strength  of  sheet  and  the  shearforce 
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Tensile  strength 

The  relationship  between  the  tensile  strength 
of  CF  sheet  and  the  shear  capacity  of  the 
member  is  shown  in  Fig. 6.  Calculation  con¬ 
dition  is  same  as  the  previous  section.  Elastic 
modulus  of  the  sheet  is  assumed  as  240 
kN/mm2. 

Figure  6  shows  that  the  sheet  ruptures 
prior  to  delaminating  if  the  tensile  strength  is 
low  and  the  thickness  is  thin.  To  avoid  this 
undesirable  failure  mode,  the  tensile  strength 
of  the  sheet  must  be  higher  than  the  delami¬ 
nation  initiation  stress.  In  the  range  where  the 
failure  mode  is  the  sheet  rupture  mode,  the 
shear  capacity  of  the  member  increases  with 
increasing  of  the  tensile  strength  of  the  sheet. 
However,  the  shear  capacity  will  no  more  in¬ 
creases  after  the  failure  mode  changes  to  the 
shear  compression  mode. 

1000 
800 

|  600 
>  400 
200 
0 

Fig.  7  Effectiveness  of  anchoring 


□  With  anchored 

■  Without  anchored 

— 

-  Prior  to 
delaminating 

-1  n 

n 

rL  Hi 

L 

JL 

u 

0.05  0.10  0.15  0.30  0.45  0.60 

tf  (mm) 


Anchoring  method 

In  actual  existing  RC  structures,  CF  sheet 
cannot  always  fully  enclose  the  cross  section. 
For  example,  in  T-shape  beam  as  Fig.8,  me¬ 
chanical  anchorage  of  the  sheet  should  be 
adopted.  Figure  7  shows  the  analytical  results 
on  the  effectiveness  of  the  anchorage  on  the 
shear  capacity  of  the  member.  Anchoring 
method  assumed  in  this  analysis  is  shown  in 
Fig.  8. 

If  the  sheet  is  not  anchored  at  the  end, 
sufficient  performance  cannot  be  expected 
because  the  sheet  will  suddenly  debond  when 
the  sheet  stress  meets  the  delamination  initia¬ 
tion  stress. 


Conclusion 

The  following  conclusions  can  be 
drawn  in  this  study: 

(1)  If  the  thickness  or  number  of  layers  of  the 
sheet  is  not  enough,  the  sheet  may  rupture 
before  delaminating.  In  such  case,  sufficient 
shear  capacity  cannot  be  ensured. 

(2)  To  increase  tensile  strength  of  the  sheet  is 
effective  to  increase  shear  capacity  of  retro¬ 
fitted  member  in  case  that  the  failure  mode  is 
the  sheet  rupture  mode. 

(3)  Sufficient  shear  capacity  is  not  ensured  if 
the  sheet  is  not  anchored  at  the  end. 


T-shape 

beam 


Fv 


.With  or  without 
anchored 


- With  anchored 


Fig.  8  Anchoring  method 
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Abstract 

The  design  ductility  ratio  of  the 
members  retrofitted  with  the  continuous  fiber 
sheets  has  been  determined  every  structure 
and  reinforcement  from  the  results  by  the 
full-scale  specimens  under  reversed  cyclic 
load  test.  It  is  because  the  upgrading  ductility 
of  members  retrofitted  with  the  continuous 
fiber  sheet  differs  by  various  factors  such  as 
types  of  the  reinforcement,  section  size  of  the 
member,  axial  force,  and  ratio  of  tensile 
reinforcement  etc..  Therefore,  it  is  not 
possible  to  use  the  design  equation  of 
ductility  ratio  proposed  in  previous  report  for 
other  members  and  new  reinforcements. 
Then,  authors  tried  the  proposal  of  new 
design  ductility  ratio  style  that  could  be 
designed  regardless  of  the  type  of  the 
continuous  fiber  sheets  by  adding  dynamic 
characteristics  and  the  quantity  of  the  sheets 
to  the  improvement  effect  of  the  ductility 
ratio  as  a  parameter.  Still,  the  design 
equation  of  new  ductility  ratio  proposed  in 
this  paper  was  examined  using  the  result  of 
the  columns  retrofitted  AFRP  and  CFRP 
sheets  under  cyclic  load  in  past  research. 

Key  words:  Ductility,  Carbon,  Aramid 


Introduction 

The  JSCE  (Japan  Society  for  Civil 
Engineers)  Concrete  Committee  on  FRP  has 
already  established  “Recommendation  for 
Design  and  Construction  of  Concrete 
Structures  Using  Fiber  Reinforced  Materials” 
in  1997.  Then,  the  new  committee  on  FRP 
sheet,  which  was  setup  in  1998,  has  been 
commissioned  to  establish  a  new  design  and 
construction  method  for  retrofit  of  RC/PC 
structures  using  FRP  sheet.  This  paper 
describes  outlines  of  the  seismic  retrofitting 
design  method  mainly  on  ductility  of 
retrofitted  concrete  structures  by  FRP  sheet. 

Results  of  previous  report 

Dimension  and  material  properties 
of  the  specimens  in  the  research  of  previous 
report  [1-3]  are  shown  at  Table  1.  All 
specimens  are  columns  of  rectangular  cross 
section  reinforced  by  lateral  ties.  Continuous 
fiber  sheet  used  for  seismic  retrofitting  of  the 
members  are  Kevlar  sheet  (A-l),  Technora 
sheet  (A-2)  and  carbon  fiber  sheet  (C).  Still, 
the  experimental  result  of  ductility  ratio  //y 
in  each  specimen  is  also  shown  in  the  table. 
The  ductility  ratio  of  upgraded  members 
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Tablet  Dimension  and  material  properties  of  the  specimens 


Specimen 

T-0 

T-l 

T-2 

T-3 

T-4 

T-5 

K-0 

K-l 

K-2 

K-3 

i  K-4 

1  C-> 

C-2 

C-3 

Sheet  type 

Non 

A-2 

A-2 

A-2 

A-2 

A-l 

Non 

A-l 

A-l 

A-l 

A-2 

c 

C 

C 

B 

cm 

70 

60 

60 

80 

80 

70 

45 

45 

45 

45 

45 

70 

70 

70 

H 

cm 

70 

60 

60 

80 

80 

70 

30 

30 

30 

30 

30 

70 

70 

70 

d 

cm 

64 

54 

54 

74 

74 

64 

26.5 

26.5 

26.5 

;  26.5 

26.5 

64 

64 

64 

a 

cm 

320 

290 

;  290 

300 

300 

300 

150 

150 

,  150 

|  150 

150 

320 

320 

320 

N 

kN 

1921 

1176 

1176 

2352 

2352 

1959 

79.38 

79.38 

79.38 

79.38 

79.38 

1921 

1921 

1921 

u 

ESI 

EH 

EH 

;  349 

p« 

mm 

Bt!Sl 

mm 

DSBI 

dm 

0.89 

u 

1^1 

EH 

EH 

345 

345 

A„ 

wm 

ma 

EH 

BFI 

EH 

63.6 

63.6 

s 

WHM 

■M 

mm 

mm 

wm 

ms 

mm 

Hi 

mm 

mm 

mm 

WM: 

15 

15 

fc 

M! J3B 

eee 

iron 

irm 

da 

11^1 

38.91 

fp 

mm 

EM 

Wf:  ,i 

mm 

4312 

4312 

4322 

tf 

wwim 

wrm 

Esa 

wm 

0.111 

0.111 

«/ 

M 

m 

mm 

mm 

ebb 

mm 

HE 

■ 

MM 

5 

8 

Ef 

WW!M 

0 

iron 

n 

in 

251.9 

246.0 

V  l 

4.20 

|  7.20 

j  9.45 

|  7.30 

|  7.05 

|  10.30 

|  5.20 

|  7.70 

|  9.90 

|  8.60 

|  9.40 

1  7.26 

7.85 

9.07 

is  determined  using  the  envelope  in  the 
hysteresis  curve  for  load-peak  displacement 
(  p-s  curve)  obtained  through  reversed 
cyclic  load  test.  The  limit  displacement  6 
at  which  the  load-carrying  capacity  at  the 
yield  point  6y  can  be  maintained  is  divided 
by  the  yield  displacement.  However,  the 
ductility  ratio  p,  in  the  table  is  set  to  the 
average  for  positive  direction  load  and 
negative  direction  load. 

Results  of  study 

The  experimental  data  on  the 
contribution  of  A-l,  A-2  and  C  types  sheets 
are  organized  in  terms  of  the  relationship 
between  the  ductility  ratio  pf  and  the  ratio 
of  shear  capacity  to  flexural  one  Rttf  (ex. 
Figl).  Rclf  is  as  follows: 

=  (K  +K  +(*/ /Ej  vj/y^,  (l) 
where  Ve  ,  V,  and  Vf  are  the  shear 
contribution  due  to  concrete,  shear 
reinforcing  bars  and  continuous  fiber  sheets, 
respectively.  VM  is  the  maximum  shear 
force  when  a  member  reaches  the  existing 
flexural  load-carrying  capacity  Mm .  E,  and 
Ef  are  the  modulus  of  elasticity  for 
reinforcing  bar  and  continuous  fiber  sheet 
respectively.  Vf  is  as  follows: 

V,=A,-fJk-i/S,  (2) 


where  /A  is  the  tensile  strength  of  the  sheet. 
Aj  is  total  cross-sectional  area  of  the  sheets 
in  space  Sf .  Sf  is  spacing  of  the  sheet,  z 
is  lever  arm  length  (generally  set  to  rf/1.15,  d 
is  effective  depth).  The  values  for  Vc ,  V,, 
V  and  are  calculated  using  the  mean 
values  of  the  material  strengths  for  concrete, 
steel  and  continuous  fiber  sheets,  and  with  all 
material  factors  and  member  factors  set  to 
1.0.  From  the  regression  line  of  each  data  in 
this  Figure,  the  ductility  ratio  of  members 
retrofitted  by  A-2  sheets  is  greatly  different 
from  the  others,  though  that  retrofitted  by 
A-l  and  C  type  sheets  agrees  almost. 

Here,  the  relationship  between  ductility  ratio 
and  Rf  =  V//Vmm  was  summarized  in  Figure 
2.  In  the  legend  of  Figures  2,  the  values  of 
Rt  j  =  (ye  +V,)/VMM  are  also  shown. 

12 
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.2  8 
% 

1  6 
‘t»  4 

3 

Q 

2 
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0  2  4  6  8  10  12 

( Vc+Vs+Es/Ef  ■  Vf)  /Vmu 

Fig.  1  Relationship  between  pf  and  Rt  ,  f 
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Fig.2  Relationship  between  pf  and  Rf 
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On  the  specimens  in  which  the  value  in  the 
legend  is  near  for  1.0,  the  ductility  ratio  is 
comparatively  improved,  as  the  quantity  of 
continuous  fiber  sheet  increases.  However,  it 
is  proven  that  the  ductility  ratio  of  the 
specimens  in  which  this  value  is  0.55  is  not 
almost  improved,  even  if  the  quantity  of 
continuous  fiber  sheet  increases.  Therefore, 
Using  Rcl  f  in  the  simplicity,  ductility  ratio 
of  the  members  retrofitted  with  the  type  of 
three  sheets  cannot  be  integrated  by  the 
effect  of  the  experimental  data  of  specimens 
of  which  Rc ,  is  small.  Then,  experimental 
data  are  organized  again  in  terms  of  the 
relationship  between  the  ductility  ratio  and 


0  2  4  6  8  10  12 

(Vc+Vs)/Vmu  ■  (1  +Es/E  f  ■  (V,/VmJ) 

Fig.3  Ductility  ratio  of  members  upgraded 
with  continuous  fiber  sheets 


From  the  regression  line  of  each  data  in  this 
Figure,  it  can  be  seen  that,  by  organizing  the 
ductility  of  the  member  retrofitted  A-l,  A-2 
and  C  type  sheets  in  terms  of  the  relationship 


with  (Vt  +  Vj/V^  ■  (j  +  E,/Ef(v, /vjj) ,  it  is 
possible  to  integrate  both  and  evaluate  them 
as  a  linear  relationship. 


The  proposal  of  the  design  ductility  ratio 

In  the  JSCE  standard,  considering 
the  lowering  of  Vt  by  the  action  repeatedly 
after  the  bending  yield  of  reinforcement, 
ductility  ratio  of  the  RC  members  has  been 
evaluated  in  the  term  of  {o*5  Vc+v)/VM . 
Then,  by  multiplying  0.5  in  Vc,  the  ductility 
ratio  of  the  member  retrofitted  by  the 
continuous  fiber  sheets  should  be  evaluated. 
The  basic  formula  that  determines  the 
ductility  ratio  is  shown  in  Equation  (3). 


(0.5  Vc+Vt)  f  E 


M,=a- 


l+=±.-£-\+b  (3) 

TT  17  \  V  ' 


And,  shear  contribution  Vf  due  to  the 
continuous  fiber  sheet  retrofitted  in  the 
bridge  axis  cross  is  substituted  in  Equation 
(3).  In  addition,  reinforcement  quantity  and 
ultimate  strain  of  the  continuous  fiber  sheet 
are  clarified. 


v-  {  y~  E,s,  J 


V 


*Pf 


/{B  •  z) 


+b  (4) 


where  a,b :  Constant  got  from  the  regression 
line.  B :  Member  width,  :  Ultimate  strain 
of  the  sheets  (eA  =  f^/E,).  a0 :  Coefficient 
used  to  calculate  member  ductility  ratio  (for 
columns  shear-reinforced  with  lateral  ties, 
at  may  be  used  as  the  modulus  of  elasticity 
for  the  lateral  ties).  pf :  Shear  reinforcement 
ratio  of  the  sheets.  pf  is  as  follows: 

p,  =  A,  /(S,  B)=2  „,-t,  S',  /(S,  B)  (5) 
where  tf  ;  Thickness  of  one  play  of  the 
sheets.  nf :  Number  of  plies  of  the  sheets. 
S'f :  Width  of  the  sheet. 

Referring  to  the  results  [1-7]  of 
members  reinforced  by  lateral  ties  under 
reversed  cyclic  load  tests,  the  experimental 
data  on  the  contribution  of  continuous  fiber 
sheets  are  organized  in  terms  of  the 
relationship  between  the  ductility  ratio  and 
{0.5-Vt  +V,)/Vmu  ■{/+<*,  pf  /v^  /{B-z)\. 
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The  results  are  shown  in  Figure  4.  It  can  be 
seen  that,  by  organizing  the  ductility  of  the 
members  retrofitted  with  A-l,  A-2  and  C 
type  sheets  in  terms  of  the  relationship  with 
(0.5 ■Vt+V,)/V„\!+at£Jkp//VmM/{Bz)},  it  is 
possible  to  integrate  both  and  evaluate  them 
as  a  linear  relationship. 


(0.5VC+Vs)/Vmu’(1  +Es-£/5/  ■  pf/(Vmu/(B-z))) 

Fig.4  Ductility  ratio  of  members  upgraded 
with  continuous  fiber  sheets (o.5  Vt  +V,)/Vmm 


However,  as  can  be  seen  from  the  horizontal 
axis  in  the  figure,  the  proposed  function  for 
evaluating  ductility  ratio  is  a  relatively 
accurate  one  developed  through  various  trials. 
In  these  recommendations,  a  member  factor 
is  introduced  based  on  the  regression 
equation  for  the  test  results  in  order  to 
proposed  a  calculation  Equation  (4). 
Therefore,  on  the  Equation  (4),  both 
material  factor  and  member  factor  used  for 
calculation  of  Vef  V,  and  VM  are  set  to  1.0. 


f*j»  ~ 


+  3.5S 


'Yv 


(6) 

where  yv  :  Member  factor  used  for 
calculation  of  (generally  set  to  1.3) 
Ejui  :  Design  ultimate  strain  of  continuous 
fiber  sheets.  is  as  follows: 

=  /„/«,  =  (/*.  O' J/J?/  (7) 

where  :  Characteristic  value  of  tensile 
strength  of  the  sheets,  y ^ :  Material  factor  of 
the  sheets  (generally  set  to  1.2). 


Conclusion 

On  this  paper,  by  organizing  the 
ductility  of  the  members  retrofitted  with 
Aramid  fiber  sheets  and  Carbon  fiber  sheets 
in  terms  of  the  relationship  with 
(0.5- Vr  +V ,)/  VmH  ^+at  £J^  p//Vma  /( B •  z)},  it  is 
possible  to  integrate  both  and  evaluate  them 
as  a  linear  relationship.  In  addition,  the 
values  for  the  modulus  of  elasticity  Ef  and 
shear  reinforcement  p,  for  the  continuous 
fiber  sheets  used  in  previous  tests  are  in  the 
range  of  80  -  235  kN/mm2  and  0  -  2.54 X 
10‘3,  respectively.  Therefore,  it  is  important 
to  note  that  Equation  (6)  is  only  applicable 
within  these  ranges.  And,  Equation  (6) 
confirms  that  ductility  ratio  can  be  ensured 
for  reinforcement  of  reinforced  concrete 
columns  with  the  typical  rectangular  section 
using  carbon  fiber  sheets  and  Aramid  fiber 
sheets.  Accordingly,  when  the  conditions  are 
markedly  different  from  those  of  rectangular 
reinforced  concrete  columns,  a  separate 
safety  study  is  required. 
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Abstract 

Carbon  Fiber  Sheet  (CFS)  is  used 
for  strengthening  of  concrete  structures  due 
to  its  excellent  durability  and  easy 
application.  However,  when  CFS  is 
bonded  to  the  lower  side  of  reinforced 
concrete  (RC)  bridge  slabs  or  RC  beams  in 
order  to  increase  the  bending  load  capacity, 
CFS  does  not  exhibit  enough  tensile 
capacity  by  the  delamination  failure  of  CFS. 
In  this  study,  to  reduce  this  delamination 
phenomenon,  bending  experiments  were 
conducted  using  RC  beams  strengthened  by 
CFS  with  a  highly  flexible  material,  called 
flexible  layer,  inserted  between  the  concrete 
and  CFS.  As  a  result,  it  was  found  that  the 
insertion  of  flexible  layer  relieves  the  stress 
concentration  on  CFS  and  improves  the 
bonding  behavior  of  CFS,  thereby 
improving  the  strengthening  effect  of  CFS. 

Key  Words:  Carbon  Fiber  Sheet,  Flexible 
Layer,  Bending  Strengthening,  Bond 
Behavior,  Stress  Dispersion 

Introduction 

Carbon  Fiber  Sheet  (CFS)  is  widely 


used  to  strengthen  concrete  structures 
because  of  its  light  weight,  high  tensile 
strength,  and  non-corrosiveness.  The 
bonding  characteristics  of  CFS  with  the 
reinforced  concrete  (RC)  greatly  influence 
the  strengthening  effect,  because  the  stress  is 
transmitted  from  the  concrete  to  CFS  by  an 
adhesive  such  as  epoxy  resin.  However,  in 
many  experiments  the  delamination  failure 
of  RC  members  strengthened  by  CFS  has 
been  observed[l,2]. 

To  reduce  this  delamination 
phenomenon,  the  authors  propose  a 
strengthening  method  in  which  a  highly 
flexible  material,  called  flexible  layer,  is 
inserted  between  the  concrete  and  CFS. 
This  paper  reports  the  results  of  bending 
experiments  using  RC  beams  and  the 
reduction  of  the  delamination  phenomenon 
due  to  the  insertion  of  flexible  layer. 

Outline  of  Experiment 

Figure  1  shows  the  details  of  the 
test  specimen.  The  length  of  the  test  beam 
is  2,200mm,  the  width  is  200mm,  and  the 
thickness  is  200mm.  CFS  was  bonded  to 
the  lower  side  of  the  test  beam  with  a 
general  epoxy  resin  after  base  work  with  a 
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sander  and  primer.  The  weight  of  CFS  is 
300g/m2,  the  strengthening  length  of  CFS 
between  the  two  fulcrums  is  1,740mm,  and 
the  fiber  direction  of  CFS  is  parallel  to  the 
longitudinal  reinforcement.  Flexible  layer 
was  spread  on  the  strengthened  surface  of 
the  test  beam  after  the  application  of  the 
primer.  The  thickness  of  flexible  layer  is 
0.5mm.  Table  1  shows  the  details  of  the 
experimental  specimens,  and  Table  2  shows 
the  mechanical  properties  of  the  materials. 

A  loading  test  was  then  carried  out 
after  more  than  7  days  of  CFS  bonding  at 
room  temperature.  The  distance  between 
the  loading  points  is  300mm,  and  the 
distance  between  the  fulcrums  is  1800mm. 
The  loading  test  measured  the  load, 
displacement,  strain  of  tensile  reinforcement, 
and  strain  of  CFS.  Figure  2  shows  the 
arrangement  of  the  strain  gages  for  the 
tensile  reinforcement  and  CFS. 

Experimental  Results 

The  results  of  the  experimental 
specimens  are  shown  in  Table  3.  Figures  3 
and  4  show  the  relationship  between  the 


Table  1  Details  of  Experimental 
_  Specimens  _ 


Specimen 

Number  of  CFS 

(piy) 

Thickness  of 
Flexible  Layer 
(mm) 

SP-0 

- 

- 

SP-C 

i 

- 

SP-C-E500 

i 

0.5 

SP-C2 

2 

- 

SP-C2-E500 

2 

0.5 

SP-C2-E1000 

2 

1.0 

Table  2  Mechanical  Properties  of  the 
Materials 


Fiber 

Tensile 

Elastic 

Rupture 

Weight 

Strength 

Modulus 

Strain 

(K/m2) 

(MPa) 

(GPa) 

(x  10*) 

300 

4,120 

236 

15,500 

Flexible 

Layer 

Tensile 

Strength 

(MPa) 

Elastic 

Modulus 

(GPa) 

Extension 

(%) 

1.7 

1.0 

123 

Steel  Bar 

Yield 

Strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Extension 

(%) 

370 

526 

25.5 

Concrete 


Compressive  Strength  (MPa) 
33.3 


3. _ 2. 
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Strain  on  the  carbon  fiber  sheet 


Fig.l  Detail  of  Test  Specimen  Fig.2  Arrangement  of  Strain  Gages 


Table  3  Experimental  Results  of  Specimens 


Specimen 

Yield 

Load*l 

<m 

Ultimate 

Load 

(kN) 

Strength 

Improvement 

Ultimate 

Displacement 

(mm) 

Ultimate  Strain 
of  CFS 
(xlO*) 

Failure 

Mode 

SP-0 

40.2 

44.1 

1.00 

22.7 

Flexure 

SP-C 

44.4 

.  78.3 

1.78 

21.7 

7,790 

CFS  Dclamination 

SP-C-E500 

45.4 

101.0 

2.28 

33.4 

15,750 

CFS  Breakage 

SP-C2 

61.6 

109.0 

2.47 

16.4 

71,70 

CFS  Delamination 

SP-C2-E500 

61.2 

148.0 

3.36 

40.7 

13,080 

Dclamination*2 

SP-C2-E1000 

50.7 

132.0 

2.99 

45.5 

14,500 

Delamination*2 

*1:  Load  at  the  Yield  Strain  of  Tensile  Reinforcement  (l,800xl0'6) 
*2:  Delamination  of  Cover  Concrete  of  Tensile  Reinforcement 
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specimen  displacement  and  the  load.  The 
ultimate  load  of  specimen  SP-C 
strengthened  by  CFS  increased  by  78% 
compared  to  the  control  specimen  SP-0. 
The  ultimate  strain  of  CFS  of  SP-C  was 
7,790x1  O'6.  The  failure  mode  was 
delamination  of  CFS,  the  same  as  in 
previous  studies.  A  photograph  of  this 
failure  mode  is  shown  in  Photo  1.  In 
contrast,  the  ultimate  load  of  SP-C-E500 
with  an  inserted  flexible  layer  increased  by 
128%  compared  to  SP-0.  The  ultimate 
strain  of  CFS  was  15,750x1  O'6,  and  the 
failure  mode  was  CFS  breakage.  A 
photograph  of  this  failure  mode  is  shown  in 
Photo  2.  This  result  indicates  that  CFS 
achieves  over  90%  of  its  tensile  strength  by 
using  flexible  layer.  It  is  thus  confirmed  that 
flexible  layer  suppresses  the  delamination  of 
CFS  and  that  the  strengthening  effect  of 
CFS  is  improved  greatly. 

In  the  case  of  SP-C2  series,  the 


Displacement  (mm) 


Fig.3  Load  -  Displacement  Relationship 


0  5  10  15  20  25  30  35  40  45  50 

Displacement  (mm) 

Fig.4  Load  -  Displacement  Relationship 


effect  of  flexible  layer  was  the  same  as  for 
SP-C  series.  The  failure  mode  was 
delamination  of  cover  concrete  of  tensile 
reinforcement.  A  photograph  of  this 
failure  mode  is  shown  in  Photo  3. 
Specimen  SP-C2-E500  with  a  thickness  of 
0.5mm  flexible  layer  had  a  higher 
strengthening  effect  than  specimen  SP-C2- 
E1000  with  a  thickness  of  1 .0mm.  Therefore 
in  this  study  it  is  considered  that  the  best 
thickness  of  flexible  layer  is  0.5  mm. 

The  strain  distributions  of  CFS  and 
tensile  reinforcement  of  specimens  SP-C2 
and  SP-C2-E500  are  shown  in  Figures  5  to  8. 


Photo  2  Failure  Mode  of  Specimen  SP-C-E500 


Photo  3  Failure  Mode  of  Specimen  SP-C2-E500 
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As  for  specimen  SP-C2  without  flexible 
layer,  the  strain  of  CFS  was  not  distributed 
equally  at  the  early  stage  of  loading.  At  the 
ultimate  condition,  the  strain  of  CFS  at  the 
moment  area  showed  about  7,000x10 6 
equally.  In  contrast,  as  for  specimen  SP- 
C2-E500  with  an  inserted  flexible  layer,  the 
strain  of  CFS  was  distributed  equally  at  the 
early  stage  of  loading.  This  result  indicates 
that  the  tensile  stress  of  CFS  is  distributed 
equally.  At  the  ultimate  condition,  the 
strain  of  CFS  showed  high  values  and  was 
distributed  over  a  wide  area.  At  the  side 
area  of  RC  beam,  CFS  strain  of  SP-C2-E500 
with  an  inserted  flexible  layer  was  higher 
than  that  of  SP-C2  at  the  same  load.  This 
phenomenon  confirmed  that  flexible  layer 
eases  stress  concentration  of  CFS  and  that 
CFS  resists  high  load  over  a  wide  range. 
Regarding  the  strain  distribution  of  the 
tensile  reinforcement,  tensile  reinforcement 
resists  load  over  a  wide  range  by  the  effect 
of  flexible  layer,  as  in  the  case  of  CFS. 


-800  -600-400  -200  0  200  400  600  800 
Distance  from  the  Center  of  the  Beam  (mm) 

Fig.5  Strain  Distribution  of  CFS 
in  Specimen  SP-C2 


Conclusions 

Flexible  layer  controls  the 
delamination  of  CFS,  and  the  strengthening 
effect  of  CFS  is  improved  greatly. 

Due  to  flexible  layer,  CFS 
demonstrates  over  90%  of  its  tensile 
strength. 

Flexible  layer  eases  the  stress 
concentration  of  CFS  and  tensile 
reinforcement.  Therefore,  CFS  and  tensile 
reinforcement  resist  load  over  a  wide  range. 
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Fig.6  Strain  Distribution  of  Tensile 
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Abstract 

In  this  study  the  crushing  performance 
of  FRP  tube,  which  was  jointed  to  the  steel 
component  by  bolts,  was  evaluated 
(Integrated  Crush  Experiments).  The  number 
of  bolts  and  the  diameter  of  bolts  were 
varied.  Two  defferent  fracture  aspects  were 
observed;  one  was  bearing  failure  around  the 
holes  and  bolt  failure,  and  the  other  was 
progressive  crushing  without  bolt  failure, 
which  was  obtained  in  crushing  test  by  using 
FRP  pipe  only  (Element  Crush  Tests).  In 
bolt  jointed  FRP  and  steel  component,  it  is 
very  important  to  optimise  the  number  of 
bolts  and  holes  in  designing  of  FRP 
components.  We  proposed  one  of  the 
designing  guides  from  real  data.  The  stress 
calculation  method  applied  on  the  rivets 
jointing  was  used.  Calculated  results  and 
actual  fracture  morphologies  were  compared 
in  order  to  evaluate  validity  of  designing 
guide. 

Key  Words:  Bolt  Joint,  Crushing  Energy 
Absorption,  Progressive  Crushing,  Buckling 
Fracture 

Introduction 

Crushing  is  the  most  important 


keyword  in  car,  aircraft,  ship,  helicopter  and 
so  on  due  to  create  safety  society.  The 
construction  with  high  crushing  performance 
can  protect  the  passengers  from  the  accident. 
In  order  to  save  energy  a  lightweight 
construction  should  be  needed  and  fibre 
reinforced  composites  are  suitable  material 
system  for  this  demand.  Also  it  is  well 
known  that  the  crushing  performance  of 
fibre  reinforced  composites  is  very  high. 
Therefore  safety  and  lightweight 
construction  can  be  achieved  by  using  FRP. 

Crushing  tests  under  compressive  load 
by  FRP  tubes  have  been  preformed  and 
typical  fracture  aspects  called  progressive 
crushing  was  confirmed.  These  tests  were 
carried  out  by  using  only  FRP  tube,  that  is 
without  connection  to  any  other  components, 
so  that  these  are  called  “element  crush  test”. 
In  actual  applications,  FRP  tube  would  be 
inserted  into  the  body,  for  example  behind 
bumper  and  in  front  of  crush  tube  made  by 
steel  in  the  case  of  passenger  car  body.  The 
simple  question  is  arisen,  that  is  how  to 
connect  the  FRP  tube  to  the  car  body.  In 
order  to  find  the  answer  of  these  questions 
there  are  two  procedures;  one  is  numerical 
simulation  of  car  body  in  the  case  of 
crushing  accident  and  the  other  is 
performing  complex  experiments.  In  the 
simulation  the  material  property  should  be 
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expressed  properly.  From  experimental 
approaches  although  experimental  set  up 
would  be  complex  and  expensive,  we  could 
confirm  the  crushing  performance  of  FRP 
tube  in  the  car  body.  Here,  this  experiment  is 
called  “Integrated  Crushing  Experiments” 
(ICE).  Both  efforts  from  simulation  and  ICE 
enable  to  urge  usage  of  FRP  tube  in  the  car 
body  indeed. 

In  this  paper  one  of  examples  of  ICE 
was  presented,  in  which  FRP  tube  was 
connected  with  steel  circular  column  by 
steel  bolts.  The  compressive  load  was 
applied  to  the  FRP  tube  and  the  possibility 
of  progressive  crushing  was  examined. 

Detail  in  the  Body  Text 


Materials  and  Experimental  Set  Up 

Material  was  glass  cloth  epoxy 
composite  tube.  Surface  treatment  on  the 
glass  fibre  was  amino-silane  coupling  agents. 
Geometry  of  tube  was  50mm  of  inner 
diameter  and  2.5mm  of  wall  thickness.  Weft 
fibres  were  aligned  to  the  longitudinal 
direction  of  the  tube. 


FRP  tube 


SOmni 

yiy 


Fig.l  Test  Instruments  of  Integrated 
Crushing  Experiments 


“Integrated  Crush  Experiment”  (ICE) 
set-up  is  shown  in  Fig.l .  FRP  lube  with  45  ° 
chamfer  at  the  one  end  is  connected  to  steel 
circular  column  with  50mm  diameter, 
because  the  column  is  inserted  into  the  FRP 
tube.  The  length  of  FRP  tube  was  80mm  and 
the  several  holes  were  made  at  the  distance 
from  the  top  of  the  chamfer  of  55mm  length. 


The  number  of  holes  was  4  o;  8,  and  6mm 
or  8mm  diameter  bolts  were  inserted  to 
these  holes.  Compressive  load  was  applied 
through  flat  steel  plate  from  the  above  of  the 
chamfer  at  2mm/min  speed.  Load- 
displacement  curve  was  recorded  and 
fracture  aspects  were  observed  at  both 
chamfer  region  and  bolt  connected  region. 

Results 

Fig.2  shows  the  load-displacement 
curves  in  the  cases  of  M8  bolts  with  4  holes 
(case  1),  M8  bolts  with  8  holes  (case  2)  and 
M6  bolts  with  8  holes  (case  3).  In  case  2  and 
case  3,  X  mark  was  indicated  in  the  figures. 
This  means  that  bolts  were  failed  during 
compression  test,  so  that  the  experiments 
were  stopped.  In  case  2  the  load  kept  at 
constant  value,  43kN  approximately.  This 
feature  is  very  similar  to  load-  displacement 
curve  in  the  case  of  progressive  crushing  by 
element  crush  test,  in  which  FRP  tube  with 
45°  chamfer  at  the  one  end  was  set  on  the 
steel  plate.  Table  1  summarises  the  results  of 
ICE  in  this  paper,  here  the  maximum  crush 
load,  and  mean  crush  load,  specific  energy 
absorption  value  (Es)  indicated.  Es  value  in 
case  2  was  63kJ/kg,  which  is  almost  same  or 
slightly  higher  value  as  resuhs  of  element 
crush  test  by  using  same  material  and  same 
geometry.  Fig. 3  shows  photographs  of  over 
view  of  fractured  tube  and  closed-up  of 
bolted  joint  area.  In  the  cases  of  1  and  3,  in 
which  steel  bolts  were  broken  down,  and  the 
chamfer  part  was  crashed.  Bearing  failure 
could  be  observed  in  the  longitudinal 
direction.  In  case  2  although  small  bearing 
fracture  was  detected,  the  material  at  the 
chamfer  part  was  crushed  to  both  inside  and 
outside  of  the  tube,  which  would  be  starting 
of  progressive  crushing. 


400 


0  8mm 

60 

60 

?40 

if  6mm 

/v‘Vw--ebQl,s 

/ 1 
/  r\  8  bolls 

/  \  4  bolts 

/ 

S  30 

S 

-J  20 

/  1 

/ 

10 

0  °< 

/ 

5  10  15  20  25  3 

Displacement  (mm)  Displacement  (mm) 


Fig.2  Load-Displacement  Curves  of  Bolt 
Jointed  FRP  Tubes 


Table  1  The  Results  of  Integrated 
Crushing  Experiments 


Specimen 

Max 
Crush 
Load  (kN) 

Mean  Crush 
Load  (kN) 

Es 

(kJ/kg) 

M8x4 

36.8 

... 

... 

M8  x  8 

48.0 

43.4 

63.4 

M6  x  8 

47.5 

— 

~ 

M8  X  4  M8  X  8  M6 X 8 


Fig.3  Photographs  of  Each  FRP  Tubes 
after  Compression 

Discussion 

From  these  results  progressive  crushing 
was  shown  only  in  case  2,  in  which  FRP 
tube  had  8  holes.  Only  few  delaminations 
were  observed  around  the  holes,  fracture 
was  mainly  occurred  at  the  tip  of  tapered 
region.  This  means  that  compressive  stress 
of  FRP  tube  had  reached  at  the  bearing 
strength  of  FRP  tube  before  shear  stress  of  a 
bolt  reached  the  tolerant  shear  stress. 
Therefore  bolts  were  safe  and  FRP  showed 
progressive  crushing. 


In  case  1,  however  the  tip  of  tapered 
region  of  FRP  tube  was  not  buckled  so  much, 
delaminations  and  large  buckling  were 
shown  around  the  holes.  Because  the 
contrary  phenomenon  of  case  2  was 
happened,  that  is,  shear  stress  of  a  bolt  had 
reached  at  the  tolerant  shear  stress  before 
compressive  stress  of  FRP  tube  reached  the 
bearing  strength.  Therefore  FRP  tube  did  not 
show  progressive  crushing  and  bolts  were 
failed.  From  load-displacement  curve  of 
Fig.2  and  a  picture  of  Fig.3,  the  region 
around  the  holes  was  delaminated  and 
buckled  by  bolts  at  the  displacement 
between  5mm  and  8mm,  in  which  load 
varied  gradually.  Therefore  it  is  estimated 
that  delaminations  and  buckling  around  the 
holes  progressed  in  this  duration. 

In  case  3,  however  fracture  was  slightly 
observed  at  the  tip  of  FRP  tube,  bolts  were 
failed.  Here  we  proposed  a  hypothesis,  that 
is  there  were  2  statuses  during  compressive 
test.  This  hypothesis  is  based  on  the 
estimation  that  shear  stress  generated  in 
bolts  was  quite  near  the  tolerant  shear  stress 
of  bolts.  In  first  status  FRP  tube  started 
buckling,  and  conversely  shear  stress  of 
bolts  did  not  exceed  the  tolerant  shear  stress. 
In  second  status,  fracture  of  FRP  tube 
stopped  and  shear  stress  of  bolts  was  equal 
or  not  exceeded  the  tolerant  shear  stress. 
Therefore  in  this  hypothesis,  buckling  of 
FRP  tube  progressed  intermittently  and 
failure  of  bolts  progressed  gradually  by 
repeating  each  status  alternatively.  Table  2 
shows  the  summary  of  the  statuses  of 
compressive  stress  of  FRP  tube  and  shear 
stress  of  bolts  in  each  case. 

In  order  to  generate  progressive 
crushing  in  FRP  tube  and  not  to  fail  the  bolts, 
stress  status  should  be  like  case  2.  Thus 
when  FRP  tube  is  jointed  to  the  other 
components  by  bolt  joint  for  example,  stress 
distribution  must  be  a  critical  parameter  in 
order  to  occur  progressive  crushing  in  FRP 
tube.  Thus  it  is  very  important  to  optimise 
the  number  of  bolts  and  holes  in  designing 
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of  FRP  components. 


Table  2  the  status  of  compressive  stress 
of  FRP  tube  and  shear  stress  of  bolts 


Case 

Compressive  stress 

Shear  stress 

No. 

applied  on  FRP  tube 

applied  on  bolts 

1 

O  frp  >  O  FRI’.B 

^boll  <T  bolt. b 

2 

O  FRP  <  <7  FRP.B 

Z  bolt  >  z  bolt.B 

i  a 

O  FRp  >  o  FRP.B 

z  boll  <'^  bolt.B 

3  !  b 

O  Flip  <  o  FRP.B 

T  bolt  —z  bolt.B 

where  a  frp:  compressive  stress  of 
FRP  tube,  a  frp.b  :  bearing  stress  of 
FRP  tube,  t  bolt :  shear  stress  of  bolts, 
'Tboiu* :  tolerant  shear  stress  of  bolts. 

In  this  paper,  we  proposed  one  of  the 
designing  guides  from  real  data.  Here,  the 
stress  calculation  method  applied  on  the 
rivets  jointing  was  used  as  the  reference. 
Buckling  would  not  be  occurred  and  FRP 
pipe  would  show  progressive  crushing, 
when  the  compressive  stress  at  projection 
area  of  hole,  Ofrp  which  is  bearing  stress,  is 
smaller  than  the  bearing  strength  of  FRP,  Oc. 
This  relationship  can  be  expressed  by 
following  simple  equation. 


Here  P  is  applied  load  to  the  component,  n  is 
the  number  of  bolts,  d  is  a  diameter  of  bolt 
and  t  is  the  thickness  of  FRP  tube.  Real  ofrp 
values  are  shown  in  next  Table  3. 

In  order  to  discuss  these  results,  each 
ofrp  was  compared  with  real  fracture 
morphologies.  As  shown  in  Fig.  3  buckling 
did  not  recognised  in  case  2,  in  which  ofrp 
was  300MPa.  Oppositely  slight  buckling 
was  occurred  around  the  holes  in  case  3,  in 
which  Ofrp  was  396MPa.  In  case  1,  ofrp  was 
so  higher  than  300MPa  of  case  2,  and  large 
buckling  and  delaminations  were  shown 
around  the  holes.  Thus  ofrp  and  real  fracture 


morphologies  around  the  holes  have  certain 
relationship,  and  it  is  possible  to  determine 
the  optimum  number  of  bolts  from  the 
equation  1.  Therefore  tolerant  bearing 
strength  of  FRP  k  and  the  thickness  of  tube 
should  be  known  beforehand,  and  applied 
mean  load  during  progressive  crushing 
should  be  estimated  from  previous 
experiments.  If  the  diameter  of  bolts  was 
determined  finally,  the  optimum  number  of 
bolts  was  calculated  from  the  equation.  At 
the  moment  compressive  or  bearing  strength 
has  not  been  measured,  so  that  it  is  difficult 
to  discuss  in  more  detail.  However  in  case  2 
which  showed  progressive  crushing  without 
any  failure  of  bolts,  ofrp  was  the  lowest. 
Further  we  will  discuss  the  relationship 
between  strength  and  generated  stress  by 
using  simple  equation  and  the  optimum 
number  of  the  connected  bolts  would  be 
determined. 


Table  3  Compressive  Stress  of  FRP  at 
Projection  Area  of  Hole 


Case 

P 

(kN) 

The 

number 
of  bolt 

d*t 

(mm2) 

Ofrp 

(MPa) 

Comment 

1 

36.8 

4 

8*2.5 

600 

Buckled. 

2 

48.0 

8 

8*2.5 

300 

Not 

buckled. 

3 

47.5 

8 

6*2.5 

396 

Slightly 

buckled. 

Ref. 

data 

5.0 

1 

6*3 

278 

Buckled. 
Matrix  is 
vinyl 
ester. 

Conclusion 

In  this  study,  it  was  evaluated  that  the 
effects  of  bolt  jointing  between  FRP  tube 
and  the  other  components  on  the  energy 
absorption  performance.  The  optimisation  of 
the  number  of  bolts  and  holes  is  necessary  in 
designing  stage  of  this  kind  of  jointed  FRP 
components.  Therefore  we  proposed  one  of 
the  designing  guides  from  real  data. 
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Abstract 

Tapered  FRP  tubes  have  high  energy 
absorption  performance  under  axial 
compressive  load.  FRP  will  be  useful 
for  structural  material  of  a  shock 
absorber  in  the  various  industries.  And 
in  order  to  evaluate  the  behavior  of 
this  material,  several  experimental 
tests  and  numerical  simulations  using 
FEM  are  carried  out  recently.  However, 
it  is  difficult  to  simulate  properly  the 
behavior  of  tapered  FRP  tubes,  so 
called  “Progressive  Crushing”  with 
FEM,  because  the  fracture  mechanism 
contains  various  kinds  of  fractures 
such  as  delimitation,  fiber  fracture  and 
so  on.  In  this  study,  we  proposed  a 
special  FEM  model  based  on 
experimental  data  that  is  useful  for 
the  crush-worthiness  analysis  of  FRP 
tube. 


1.  Introduction 

As  science-technology  progresses, 
various  new  materials  are  developed 
and  applied  to  structural  parts.  In  the 
automobile  industry,  where  energy 
saving  and  weight  reduction  is  an 
important  issue,  Fiber  Reinforced 
Plastic  (FRP)  is  currently  the  focus  of 
attention  as  an  alternative  material  to 
metal,  which  has  been  mainly  used  up 
till  now.  Therefore,  it  has  become  an 
important  task  to  evaluate  the 
strength  and  simulate  crushing 
behavior  of  FRP  tubes.  One  method  is 
to  put  the  numerous  test  results  into  a 
database  and  estimate  how  FRP 
absorbs  energy.  On  the  other  hand, 
several  studies  on  simulation  of  the 
crushing  behavior  of  FRP  using  FEM 
analysis  have  also  been  reportedly 
done.  However,  the  crushing  behavior 
of  FRP  itself  is  a  very  complicating 
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phenomenon,  and  it  is  difficult  to 
obtain  accurate  results  with  currently 
available  algorithms.  Also,  these 
simulations  usually  require  huge 
amount  of  CPU  time  that  is  not 
acceptable  for  practical  use.  The 
objective  of  this  study  is  to  develop  a 
numerical  model  that  represents  the 
FRP  crushing  behavior  with  accuracy, 
in  order  to  enable  FEM  analysis  to  be 
performed  with  practical  simulation 
run  time. 

2.  Progressive  Crushing  /  Numerical 
model 

FRP  tubes  are  known  to  have 
high-energy  absorption  performance 
under  axial  compressive  load.  The 
crushing  behavior  seen  under  such 
load  conditions  is  called  Progressive 
Crushing.  FEM  is  often  used  to 
simulate  progressive  crushing,  and 
some  criteria  for  this  kind  of 
simulation  have  been  reported. 
However,  there  are  several  problems 
that  make  it  difficult  to  simulate 
Progressive  Crushing  accurately.  Then, 
we  will  first  define  the  characteristics 
of  Progressive  Crushing,  and  find  out 
the  necessary  numerical  models  in 


here.  The  breaking  pattern  of  the  FRP 
tube  shown  in  Fig  2.1  under  axial 
compressive  load  is  shown  in  Fig  2.2. 
Glass  cloth  and  epoxy  are  used  as  the 
material.  The  breaking  starts  at  the 
top  end  of  the  tube  and  progresses 
successfully,  and  the  material  deforms 
both  inwards  and  outwards  of  the  tube. 
During  progression  of  crushing,  the 
peak  load  value  does  not  change  so 
much,  while  displacement  increases. 
This  behavior  is  called  Progressive 
Crushing,  and  its  characteristics  can 
be  used  effectively  for  shock  absorbing 
purposes  because  of  its  high-energy 
absorption  rate.  Fig  2.3  shows  the 
cross  section  of  the  broken  tube. 
Various  crushing  behaviors  such  as 
delamination  and  fiber  fracture  can  be 
seen.  In  order  to  simulate  a 
phenomenon  as  complicated  as  this,  a 
special  numerical  model  is  needed.  The 
numerical  models  that  represent  the 
formation  mechanism  of  the  petal-like 
breaking  pattern,  and  the  progress  of 
the  formed  breaking  pattern  are 
especially  important.  In  this  study,  we 
propose  the  latter  numerical  model 
this  time. 


Fig2.1  FRP  tube  Fig2. 2  Crush  pattern  Fig2. 3  Cross  section 
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3.  Numerical  Model  of  the  Crushing 
Progress 

3.1  Finite  elements 

A  four-node  thick-shell  element  with 
global  displacements  and  rotations  as 
degrees  of  freedom  was  used  in  this 
study  to  model  the  crushing  of  an  FTP 
tube.  And  we  used  MSC.MARC 
Version  2001  with  user  subroutine 
functionality  for  implementation  of  our 
proposed  constitutive  law  for  FRP 
crushing  behavior. 

3.2  Elastic  constitutive  law 

The  ordinal  orthotropic  constitutive 
law  for  composite  material  was  used  in 
order  to  describe  the  elastic  behavior 

3.3  Definition  of  trigger 

We  assume  that  an  element  that  is 
under  crushing  always  has  trigger. 
Therefore  we  only  perform  the 
crushing  check  for  the  element  that 
has  trigger.  After  completion  of 
element  crushing,  this  trigger  moves  to 
the  neighbor  element  automatically.  In 
this  study,  we  took  a  simplified 
algorithm  of  setting  these  triggers  on 
the  elements  that  has  taper  as  an 
initial  condition,  then  these  triggers 
migrate  according  to  the  element 
connectivity  since  it  is  not  easy  task  to 
control  trigger  migration 

automatically  for  general  occasion. 
However,  this  algorithm  may  not 
always  work  for  arbitrary  loading 


conditions  apparently.  We  will 
continue  to  investigate  algorithms  that 
work  for  more  general  occasions  in 
order  to  overcome  this  limitation. 

3.4  Crushing  criteria 

The  crushing  is  determined  with  the 

following  criteria. 

Gyp  “  G\  i  Remain  Elastic  (2) 
Gyp^G ii  Crushing  occur  (3) 

If  crushing  behavior  is  detected  by 
Eq.3,  the  relation  between  stress  and 
strain  is  changed  as  follows. 
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system 

Rf  governs  the  work  hardening 
characteristic.  If  this  factor  is  big 
enough,  then  the  stress  will  increase 
after  initial  crushing  initiated  up  to 
the  secondary  crushing  stress,  a  y  s . 
The  secondary  crushing  stress  crysis 
the  critical  stress  that  governs  the 
progression  of  the  petaHike  crushing 
pattern  in  circumferential  direction. 
Therefore  the  entire  crushing  behavior 
of  FRP  tube  is  described  with  these 
principal  factors,  Rf  and  ct  y  s  . 
Especially  the  factor  Rf  has 
dependencies  of  axial  stiffness  and 
circumferential  stiffness. 

4.  Analysis  Examples  with  proposed 
Numerical  Model 

The  finite  element  model  using  thick 
shell  elements  with  rigid  surface  on 
the  top  edge  is  illustrated  in  Fig.4.1. 
This  rigid  surface  represents  the 
weight  used  in  experiment  and  which 
moves  downward  by  prescribed 
displacement  in  this  analysis.  Table 
4.1  shows  the  material  constants.  For 
this  analysis  example,  we  performed 
three  analyses,  one  is  standard  model 
(Case  l),  and  second  one  is  that 
circumferential  fairure  strength  is  set 
at  0(Case  2)  and  the  last  case  (Case  3) 
is  calculated  under  the  reduced 
circumferential  failure.  Fig  4.2  shows 
the  load- displacement  curve  of  the 
three  cases.  The  figure  shows  that  the 
tube  crushes  when  the  load  reaches 


critical  point,  and  displacement 
progresses  alone  after  the  crush  occurs 
but  no  load  increase  at  all  in  Case2. 
Especially  in  Case  1,  we  confirmed 
that  the  maximum  load  vibrates  after 
the  crush  occurs.  The  amplitude  and 
cycle  of  this  vibration  is  determined  by 
primary  crushing  stress,  secondary 
crushing  stress  and  stiffness  reduction 
factor  after  crushing. 


Fig.4.1  FEM  Model 
Table  4. 1  Inelastic  constants 


a„ 

a ys 

Cascl  (Standard) 

-9.7E+01 

9.7E+01 

Caso2 

0.0(not  included) 

Case3 

7.0E+01 

Fig.4.2  Comparison  of  Load- 
Displacement  Curve 
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Abstract 

For  the  development  of  lightweight 
and  high  stiffness  KP-Sheet,  the  effects  of 
glass  fiber  content  and  glass  fiber 
arrangement  to  the  thickness  direction  were 
studied.  The  value  of  the  elastic  slope 
increased  with  increasing  of  the  expansion- 
molded  thickness.  Although  the  moldable 
thickness  limit  increased  with  increasing  of 
glass  fiber  content,  the  value  of  the  maximum 
elastic  slope  was  not  enhanced  at  over 
50wt%  of  the  glass  fiber  content.  By 
controlling  the  glass  fiber  arrangement  to  the 
thickness  direction,  the  spring  back  force  of 
glass  fibers  was  enhanced.  The  thickness  of 
the  free  expanded  KP-Sheet  increased  more 
than  30%  at  the  same  unit  weight.  As  the 
result,  the  elastic  slope  of  a  new  KP-Sheet 
became  1.5  times  as  high  as  that  of  an 
ordinary  one. 

Key  Words:  Stampable  sheet,  Automotive 
headliner.  Expansion  molding 

Introduction 

KP-Sheet  is  a  stampable  sheet 
containing  polypropylene  and  glass  fiber, 
and  produced  by  the  licensed  technology  of 


Arjo-Wiggins,  which  is  similar  to  that  of  a 
paper  making  method.  It  has  a  distinct 
characteristic  of  expanding  in  thickness  due 
to  the  spring  back  force  of  glass  fiber  when 
the  sheet  is  heated  up  to  the  melting 
temperature  of  polypropylene.  [1,2] 

Utilizing  lightweight  and  high 
stiffness  properties  of  the  expansion-molded 
articles,  KP-Sheet  is  being  used  as  a  base 
material  of  automotive  headliners.[3] 
Mechanical  properties  of  the  expansion- 
molded  articles  depend  on  the  glass  fiber 
content,  the  glass  fiber  arrangement,  the 
expansion  ratio,  and  so  on. 

In  this  study,  the  effect  of  glass  fiber 
content  and  the  glass  fiber  arrangement  on 
the  stiffness  property  of  the  expansion- 
molded  articles  was  investigated. 

Experimental  Details 

Production  of  KP-Sheet 
KP-Sheet  webs  were  produced  by  a  paper 
making  method  using  chopped  glass  fiber 
filament  and  polypropylene  powder  as  raw 
materials.  The  unit  weight  of  the  webs  was 
set  at  635g/m2,  and  the  glass  fiber  content  in 
them  was  changed  from  45  to  60  wt  %. 

A  hot  melt  film  was  overlaid  in  one  side  of 
the  webs  and  a  polyester  scrim  was  overlaid 
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in  another  side  of  them  and  they  were  heated 
together  up  to  205  °C  and  pressed  at  0.3MPa 
for  15  seconds.  After  cooling,  they  were 
changed  to  consolidated  sheets. 

Molding  of  KP-Sheet 

The  consolidated  sheets  were  heated  up  to 
200°C  in  a  far-infrared  oven,  and  expansion- 
molded  by  a  cold  mold  in  a  desired  thickness. 

Observation  of  Glass  Fiber  Arrangement 
The  glass  fiber  arrangement  to  the  thickness 
direction  was  observed  by  soft  X-ray 
photographs  using  specimens  of  KP-Sheets 
expanded  freely  at  200  °C. 

Bending  Test 

The  specimens  used  in  this  study  for  three 
point  bending  test  were  150mm  in  length  and 
50mm  in  width  cut  out  from  the  expansion 
molded  articles.  Bending  tests  were 
conducted  at  50mm/min  of  a  crosshead  speed 
and  100mm  of  a  span  length.  The  load  was 
applied  from  the  surface  of  the  hot  melt  film 
laminated.  Elastic  slope  was  defined  as  the 
slope  of  load-deflection  curves  at  the  early 
stage. 

Results 

Effect  of  Glass  Fiber  Content  on  Elastic 
Slope 

The  relation  between  expansion  molded 
thickness  and  elastic  slope  in  each  glass  fiber 
content  was  shown  in  Figure  1.  The  value  of 
the  elastic  slope  increased  with  increasing  of 
the  expansion-molded  thickness.  The 
moldable  thickness  limit  in  a  case  of  45wt% 
of  the  glass  fiber  content  was  2.8mm  due  to 
the  weak  spring  back  force  of  glass  fibers  and 
the  value  of  elastic  slope  was  just  4N/mm, 
however,  they  increased  with  increasing  of 
the  glass  fiber  content.  When  the  glass  fiber 
content  was  50wt%,  the  elastic  slope 
increased  to  5.5  N/mm  because  the  moldable 
thickness  increased  to  3.4mm.  In  cases  of 
over  55wt%,  although  the  moldable 
thickness  limit  increased,  the  value  of  the 


maximum  elastic  slope  was  not  enhanced  and 
was  nearly  the  same  as  that  of  50wt%. 

Effect  of  Glass  Fiber  Arrangement  on 
Elastic  Slope 

According  to  Figure  1,  it  was  found  that  the 
elastic  slope  increased  with  increasing  of  the 
expansion-molded  thickness  and  the  most 
suitable  glass  fiber  content  was  50  wt%. 
Then,  for  the  improvement  of  the  expansion 
ratio,  the  production  conditions  for  arranging 
glass  fibers  to  the  thickness  direction  were 
studied  at  this  glass  fiber  content. 

As  shown  in  Figure  2,  the  webs  are  formed 
when  foam  and  water  are  drained  out  and  a 
mixture  of  glass  fiber  and  polypropylene  are 
accumulated  on  the  forming  belt  during 
paper-making  process.  It  was  predicted  that 
the  accumulating  angle  “  0  ”  should  affect  to 
the  glass  fiber  arrangement  to  the  thickness 
direction,  therefore,  some  webs  were 


Fig.l  Effect  of  Glass  Fiber  Content  on  the 


Elastic  Slope 


forming  belt 

Fig.2  Schematic  Diagram  of  Paper¬ 
making  Machine 
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produced  under  a  condition  of  high 
accumulating  angle.  According  to  the  soft 
X-ray  photographs  shown  in  Figure  3,  it  was 
found  that  the  glass  fibers  were  strongly 
arranged  to  the  thickness  direction  at  that 
condition. 

The  relation  between  free  expansion 
thickness  and  elastic  slope  of  expansion 
molded  articles  of  KP-Sheets  produced  by 
the  ordinary  condition  as  well  as  a  high 
accumulating  angle  are  compared  in  Figure  4 
and  5.  The  compression  ratio  was  set  at  0.9 
in  the  both  molded  articles. 

The  free  expansion  ratio  of  a  new  KP-Sheet 
is  30%  higher  than  that  of  an  ordinary  one.  It 
is  due  to  the  glass  fiber  arrangement  to  the 
thickness  direction  as  shown  in  Figure  3 
resulting  in  the  strong  spring  back  force  of 
glass  fiber.  The  elastic  slope  increased  with 
increasing  of  the  thickness.  The  elastic  slope 
of  a  new  KP-Sheet  is  1.5  times  as  high  as  that 
of  an  ordinary  one  at  the  same  unit  weight.  It 
means  that  it  is  possible  to  decrease  20%  of 
the  unit  weight  at  the  same  elastic  slope 
resulting  in  cost  reduction  of  molding 
articles. 


Discussion 

The  elastic  slope  of  expansion- 
molded  articles  is  affected  by  the  glass  fiber 
content  and  the  thickness  of  the  molded 
articles  as  shown  in  Figure  1 . 

Supposing  that  glass  fibers  are 
uniformly  distributed  in  the  molded  article 
and  the  number  of  glass  fibers  existing  in 
cross  sectional  unit  area  is  the  same,  the 
second  moment  of  area  /  is  shown  as  follows; 


Ordinary 


Fig.3  Cross  Sectional  X-ray  Photographs 
of  Free  Expanded  KP-Sheets 


500  600  700  800  900  1000  1100 

Unit  Weight  of  KP-Sheet  (g/m2) 

Fig.4  Comparison  of  a  New  and  an 
Ordinary  KP-Sheets  in  the  Free 
Expansion  Thickness 


Unit  Weight  of  KP-Sheet  (g/m2) 

Fig.5  Comparison  of  a  New  and  an 
Ordinary  KP-Sheets  in  the  Elastic  Slope 


I=wAfnh3/12  (1) 

where  w :  width,  h:  thickness,  Af :  cross 
sectional  area  of  a  glass  fiber,  n :  number  of 
glass  fibers  existing  in  a  cross  sectional  area 
Afm  means  the  existing  probability  of  glass 
fibers,  therefore,  it  is  shown  as  follows; 

Af‘ti~(G/h)/  pf  (2) 


where  G:  unit  weight  of  glass  fiber,  p  f  : 
density  of  glass  fiber. 

Supposing  that  the  strength  at  the 
points  of  glass  fibers’  intersections  formed 
by  the  matrix  polypropylene’s  bonding  does 
not  change  by  changing  of  the  expansion 
ratio  or  the  existing  amount  of  polypropylene 
at  the  intersections,  the  elastic  slope  is  in 
proportion  to  the  unit  weight  and  the  square 
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Elastic  Slope(N/mm)  Elastic  Siope(N/mm) 


measure  of  the  thickness.  It  is 
experimentally  confirmed  that  this 
proportional  relation  exists  as  shown  in 
Figure  6. 


to.o 
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Unit  Weight  of  GF  x  Square  of  Molded 
Thickness  (g/m2*mm2) 

Fig.6  Relationship  between  Elastic  Slope 
and  the  product  of  Unit  Weight  of 
GF  and  square  of  Molded  Thickness 

Then,  for  investigating  the  effect  of  the  glass 
fiber  content,  the  result  of  Figure  1  was 
transferred  to  the  relation  between  the  glass 
fiber  content  and  the  square  measure  of  the 
thickness  as  shown  in  Figure  7.  Although  the 
elastic  slope  is  in  proportion  to  the  unit 
weight  of  the  glass  fiber,  which  is  the  same 
result  of  Figure  6,  the  plots  are  not  on  the 
same  line.  Each  line  depends  on  the  glass 
fiber  content,  and  the  slope  decreases  with 
increasing  of  glass  fiber  content.  Over 


Unit  Weight  of  GF  x  Square  of  Molded 
Thickness  (g/m2,mm2) 

Fig.7  Relationship  between  Elastic  Slope 
and  the  product  of  Unit  Weight  of  GF  and 
square  of  Molded  Thickness  in  each  Glass 
Fiber  Content 


50wt%  of  the  glass  fiber  content,  although 
the  moldable  thickness  limit  increases,  the 
value  of  the  maximum  elastic  slope  is  not 
enhanced  as  shown  before.  It  should  be 
because  that  the  number  of  glass  fibers’ 
intersection  increased  with  increasing  of 
glass  fiber  filaments  and  it  brings  about  the 
shortage  of  polypropylene  for  bonding  the 
intersections.  As  the  result,  over  50wt%  of 
the  glass  fiber  content,  the  increased  amount 
of  the  elastic  slope  by  increasing  of  the 
moldable  thickness  may  balance  with  the 
decreased  amount  by  the  weakened  bonding 
strength  at  the  intersections,  and  no  change 
was  seen  in  the  value  of  the  maximum  elastic 
slope. 

Conclusions 

(1)  By  controlling  the  glass  fiber 
arrangement  to  the  thickness  direction, 
the  free  expansion  ratio  is  enhanced 
about  30wt%,  which  resulted  in  1 .5  times 
increase  in  the  elastic  slope. 

(2)  Newly  developed  KP-sheet  realized 
about  20  wt%  decrease  in  the  unit  weight 
at  the  same  elastic  slope,  which  results 
not  only  in  the  cost  reduction  of  molded 
articles  but  also  in  applying  this 
lightweight  and  high  stiffness  material  to 
functional  modular  headliners. 
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Abstract 

In  general,  steel  chains  are  using  for  mooring  of 
small  scale  floating  structure  which  ship  mooring  or 
navigation  buoy.  When  large  scale  sea  waves  act  to 
these  structures,  mooring  chain  will  be  tensioned  by 
oscillation  of  buoy  body.  In  addition,  steel  chain 
links  are  touched  by  these  self-load,  and  link’s 
diameter  will  decrease  because  of  abrasion  at  touch 
point  of  chain  links.  Then,  mooring  drain  will  be 
broken  by  impulsive  tension.  We  suggest  that  using 
Elastic  Chain'  as  buoy  mooring  chain.  Elastic 
Chain'  has  composite  structure,  steel  chain  and 
rubber  material.  It  is  better  than  normal  steel  chain 
on  abrasion  and  reduction  of  impulsive  tension. 
However,  Elastic  Chain'  is  expensive  compare  with 
steel  drain.  And,  We  investigate  the  method  of 
reasonable  design  method  of  Elastic  Chain'  using 
lumped  mass  mooring  chain  simulation,  and  we 
aim  cost  down  of  Elastic  Chain'  by  shortening  of  the 
installing  length.  In  the  result,  it  can  be  1/3  length  of 
all  mooring  cable  that  Elastic  Chain'  length.  And,  in 
the  length  of  Elastic  Chain'  is  1/3  to  mooring  line, 
occurrence  impulsive  tension  is  50%  compare  with 
all  steel  chain  using.  Additionally,  We  carry  out  the 
investigation  of  Elastic  Chain's  durability  for  used  at 
real  sea  environment.  The  using  term  is  7.5years.  In 
the  result,  the  rubber  material  of  Elastic  Chain  was 
keep  the  strength  compare  with  original  rubber 
strength. 

Key  Words:  mooring,  tensile  load,  lumped  mass. 

Introduction 

In  generally,  steel  chain  is  using  for  mooring  of 


small  scale  floating 

structure(i.e.  Navigation  signals  for  maritime 
transportation,  Ship  mooring  buoy,  etc.).  However, 
the  tensile  strength  is  decrease  by  abrasion.  And, 
mooring  chain  breaking  will  occurs  when  high 
wave  by  typhoon  or  low  pressure  ad  to  floating 
structure  moored  by  steel  chain. 

Steel  chains  diameter  will  be  decrease  at 
contad  point  between  chain  links.  This  is  occurred 
by  floating  structure’s  moving.  Then,  impulsive 
tension  will  ad  to  those  mooring  line,  and 
chain  breaking  occur  [1]. 

Therefore,  it  is  need  that  reduction  of  chain 
abrasion  and  impulsive  tension  at  mooring  line  for 
prevention  of  the  disaster.  And,  We  suggest  to  use 
"Elastic  Chain"  for  mooring  of  floating  structure. 
Elastic  Chain  has  composite  structure  of  rubber 
material  and  steel  chain  links  as  indicated  by  Fig.l. 
Steel  chain  is  opened  space  between  links  and 
buried  within  rubber.  Addly,  rubber  material  is  filled 
in  those  space.  Elastic  Chain  has  characteristics  of 
elongation  to  tensile  load.  And,  if  Elastic  Chain  is 
installed  at  a  part  of  mooring  line,  impulsive  tension 
will  be  reduced  to  compare  with  using  only  steel 
chain[2]. 


Fig.l  Structure  of  Elastic  Chain 

However,  initial  cost  when  install  Elastic  Chain  at 
actual  floating  structure  is  expensive  to  compare 
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with  using  only  steel  chains  because  of  many 
process  and  materials  for  making  of  Elastic  Chain. 
Consequently,  two  ideas  is  need  for  cost  down  of 
using  Elastic  Chain:  (l)Reduction  the  running  cost 
of  mooring  line  by  improvement  of  durability  using 
Elastic  Chain  and  (^Investigation  of  minimum 
length  of  Elastic  Chain  for  reduction  of  impulsive 
tension  and  prevention  of  mooring  line  abrasion. 

In  this  paper,  we  would  like  to  investigate 
above  two  ideas  from  each  point  of  view,  durability 
of  Elastic  Chain  and  reasonable  design  using 
numerical  simulation. 

Investigation  for  Durability  of  Elastic  Chain 

Investigation  for  Abrasion 

In  this  section,  the  example  of  installation 
of  Elastic  Chain  is  introduced  at  real  sea 
environment  while  7.5years.  The  installation  site 
were  57m  depth.  And,  Elastic  Chain’s  specification 
were  25m  length,  200mm  diameter,  and  38mm 
diameter  steel  chain  were  buried  within  the  Elastic 
Chain.  And,  two  Elastic  Chains  were  connected 
when  using  for  buoy  mooring. 

Fig.2  is  diameter  variation  of  the  Elastic 
Chain.  The  diameter  decreased  at  15m  point  along 
length.  This  point  correspond  to  the  start  of  catenary 
curve  from  seabed.  And,  it  occurred  many  times  that 
contact  of  the  Elastic  Chain's  surface  and  sand  or 
stones  at  seabed.  However,  remarkable  abrasion  of 
buried  steel  chain  within  Elastic  Chain  did  not 


Depth  from  Rubber  Surface  (mm) 


occurred  at  this  point  It  is  conceivable  that  surface 
covering  by  rubber  is  contribute  to  extension  of  life 
span  of  mooring  line  at  sea  environment. 


0  10  20 
Diameter  Measuring  Point  (m) 
Fig.2  Diameter  Variation  of  the  Elastic  Chain 


Rubber  Material  Durability 

In  this  section,  rubber  material  durability  is 
investigated.  The  investigation  were  earned  out  by 
measurement  of  hardness  and  tensile  strength  of 
rubber  material  that  sampled  from  Elastic  Chain 
introduced  above  section.  The  test  piece  for  tensile 
strength  test  were  dambel  shape  provided  Japan 
Industrial  Standard(JIS). 


Depth  from  Surface  (mm) 


Fi&3  Hardness  and  Tensile  Strength  of  Rubber  Material  of  Elastic 


Fig3(a)  is  indicated  of  variation  of  rubber 
hairiness  along  the  depth  direction  of  cross  section 
of  Elastic  Chain.  The  hardness  were  lower  than 
lower  limit  value  of  rubber  hardness  before  aging 
except  for  sample  at  surface  of  Elastic  Chain. 
Fig.4(b)  is  tensile  strength  variation  of  the  rubber 
material  along  the  same  direction  of  hardness 
measurement. 

From  this  result,  the  strength  of  rubber 
material  were  higher  value  lower  limit  tensile 
strength  before  aging  except  for 
sample  at  surface  of  Eastic  Chain. 

From  these  result,  rubber  material's  hardness  and 
tensile  strength  were  maintained  even  if  Eastic 
Chain  used  long  term  at  real  sea  environment. 

Reasonable  Design  Method  of  Elastic  Chain 
Calculation  Model 

Next,  design  method  of  Eastic  Chain  is 
investigated  using  numerical  simulation.  The  using 
calculation  model  is  lumped  mass  model  for  single 
point  buoy  mooring(Fig.4).  The  acting  forces  are 
fluid  forces 


and  tensile  loads  between  any  mass  points  (buoy 
and  mooring  line).  And,  fluid  forces  were  acted  by 
water  particle  acceleration  and  velocity  for  water 
wave  motion.  These  wave  motion  (water  particle 
acceleration,  velocity,  and  water  surface)  is 
calculated  by  Stokes  border  assumption[3]. 
Kinematic  equation  of  any  mass  points  is  indicated 
by  Eq(l),  (2)  and  mass  points  acceleration,  velocity, 
and  position  are  calculated  by  tins  equation. 

+U2pCDAxi  | Uj  -  dx'd^fu,  -  dx/dt) 

F«-  pFuV,(dw/dl-  <tz]dt) 

+H2fCDAzi]fii-dziiH(w,-dzldt)  (1) 
mrfxjd?  =Ffii  +  Ticostpi-Tucostpu 
mrfzjdi  =FV[  +  T.sin  <f>i-TMsm  <j>M 

+fi+m,g  (2) 

Where,  FH,  Fv:  fluid  force  act  to  mass  points,  dujdt, 
dwjdt  u,  w:  acceleration  and  velocity  of  water 
particle,  <fx Jd?  ,  dzjdf,  dx/dt,  dz/dt :  velocity  of 
mass  points,  V,  m  :  volume  and  mass  of  mass  point, 
Q*  Q>  :  inertia  coefficient  and  drag  coefficient,  p. 


Calculator!  time  j=o 


Fig.  4  Lumped  Model  for  Single  Point  Mooring  buoy 
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density  of  sea  water,  Ax,  Az  :  projection  area,  / : 
buoyancy  of  any  mass  point,# :  gravity  acceleration, 
T :  tensile  load  between  mass  points. 

In  addition,  tensile  loads  between  mass 
points  are  calculated  by  Hooked  low.  The  spring 
module  of  Elastic  Chain  is  got  by  linearize  of 
elongation  character  of  Elastic  Chain  because  of  the 
character's  non-linearity  is  larger  than  steel  chain . 

Investigation  of  Installing  Point  and  Length  of 
Elastic  Chain 

Tensile  load  of  Mooring  line  would  be  calculation 
using  the  method  indicated  above  section.  The 
investigation  would  be  carried  out  on  the 
assumption  that  single  point  mooring  buoy.  The 
mooring  system's 

specifications  indicated  in  Tablel.  And,  wave 
height  is  9m,  wave  period  is  1  Os. 


Tablel  Mooring  System 


Water  Depth 

30m 

Moor  line  length 

35m 

Buoy  shape 

03.6m  x  2mH  (draft  1 .3m) 

Steel  Chain 

<p  50mm  Stud  link  chain 

Elastic  Chain  length 

9m -35m 

Calculation  situations  are  10  cases.  In  these 
cases,  length  ratios  of  Elastic  Chain  to  entire 
mooring  line  length  are  0.3,  0.5,  and  0.7.  And, 
installation  points  of  Elastic  Chain  are  anchor  side, 
buoy  side,  and  middle  point  of  moor  line. 

Fig.5  is  comparison  of  average  peak  tensile 
load  to  case  of  only  steel  chain  using.  From  this 
calculation  result,  tensile  load  of  installing  Elastic 
Chain  to  entire  mooring  line  is  reduced  10% 
compared  with  the  tensile  load  of  using  only  steel 
chain.  And,  it  is  obvious  that  tensile  load  is  reduced 
by  Elastic  Chain  using.  On  the  other  hand,  the 
tensile  load  become  40-50%  of  using  only  steel 
chain  when  the  ratio  of  Elastic  Chain  length  is  0.3  of 
entire  mooring  chain.  And,  character  of  tensile  load 
reduction  become  steady  on  the  calculation  case  that 
Elastic  Chain  is  installed  at  anchor  side. 


(1) Elastic  Chain  has  durability  against  long  term 
using  at  real  sea  environment  Burying  steel  chain's 
diameter  is  kept  by  surface  covering  rubber  material. 
And,  strength  of  rubber  material  has  initial  value 
when  Elastic  Chain  is  manufactured. 

(2) TensiIe  load  of  mooring  line  is  possible  using 
lumped  mass  model.  And,  tensile  load  is  reduced 
50%  of  using  only  steel  chain  for  moor  line  when 
Elastic  Chain's  length  is  30%  of  entire  mooring  line. 
From  this  result,  initial  cost  of  Elastic  Chain  using 
become 

reasonable  in  comparison  with  that  Elastic  Chain  is 
installed  on  entire  mooring  line. 


Fig.  5  Comparison  of  Calculated  Average  Peak 
Tensile  Load 
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Abstract 

Polyethylene-clay  hybrids  have  been 
prepared  successfully  by  melt  compounding 
with  maleic  anhydride  grafted 
polyethylene(MA-g-PE),  organophilic  clay 
and  polyethylene.  In  these  polyethylene-clay 
hybrid,  the  silicate  layers  of  the  clay  were 
exfoliated  and  dispersed  to  the  monolayers. 
The  hybrids  exhibit  higher  tensile  yield 
strengths,  tensile  moduli  compared  to  those 
of  polyethylene.  When  the  5wt%  clay  were 
loaded,  the  tensile  yield  strength  and  the 
tensile  modulus  of  the  hybrid  exhibited  1.4 
and  1.8  times  higher  respectively  compared 
to  those  of  polyethylene/MA-g-PE  mixture. 
The  gas  permeability  of  that  clay  hybrid 
decreased  30  %  as  compared  with 

polyethylene/MA-g-PE  mixture. 

Key  Words:  Clay,  Hybrid,  Polyethylene 

Introduction 

A  clay  mineral  is  a  potential 
nanoscale  additive  because  it  comprises 
silicate  layers  in  which  the  fundamental  unit 
is  a  1  nm  thick  planar  structure.  If  the 
nanometer  dispersion  of  the  silicate  layers  in 
a  polymer  matrix  could  be  achieved,  the 
mechanical  properties  might  be  further 
improved  and/or  new  unexpected  hybrid 
properties  synergistically  might  be  derived 
from  the  two  components.  In  our  previous 
works,  we  have  synthesized  nylon  6-clay 
hybrid  (NCH)  in  which  1  nm  thick  silicate 


layers  of  clay  minerals  are  exfoliated  and 
homogeneously  dispersed  in  the  nylon  6 
matrix  \  The  NCH  exhibits  various  superior 
properties  such  as  high  strength,  high 
modulus  and  high  heat  resistance  compared 
to  conventional  nylon  6  2 . 

Polyethylene  is  one  of  the  most 
widely  used  polymers.  But  polyethylene  clay 
hybrid  could  not  be  prepared  easily  because 
polyethylene  is  hydrophobic  and  has  poor 
miscibility  with  clay  silicates.  We  have 
already  developed  successfully  a 
direct-intercalation  process  in  which  PP  is 
modified  using  maleic  anhydride,  followed 
by  melt  compounding  method 3 
So,  we  tried  to  prepare  polyethylene 
clay-hybrids  using  melt  compounding.  There 
are  two  objects  of  this  study.  The  first  one  is 
to  prepare  the  polyethylene-clay  hybrids 
using  above  compounding  method  in  which 
the  nanometer  dispersion  of  the  silicate 
layers  are  achieved  in  the  matrix.  The  second 
objetct  is  to  clarify  the  mechanical  properties 
and  gas  permeation  properties  of  the 
polyethylene-clay  hybrids. 

Experimental 

Materials 

The  materials  used  for  the  preparation  of  the 
samples  are  Octadecylamine  modified 
montmorillonite  (ODA-CWC,  inorganic 
content  c.a.70wt%)  from  Nanocor  Inc., 
polyethylene  (KF380,  melt  flow  index 
4.0g/10min)  from  Japan  Polychem  co., 
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maleic  anhydride  grafted 

polyethylene(Fusabond  226D,  base  resin 
type  LLDPE,  grafted  maleic  anhydride 
0.90wt%,  melt  flow  index  1.5g/10min, 
MA-g-PE)  from  E.  I.  du  Pont  de  Nemours 
and  Company. 

Preparation  of  polyethylene-clay  hybrids 

Three  types  of  hybrids  with 
different  compositions  of  the  organophilic 
clay,  MA-g-PE  and  PE  were  prepared  as 
shown  in  Table  1.  The  dry  mixed  pellets  of 
polyethylene  and  MA-g-PE  (weight  ratio 
PE/MA-g-PE  =  7:3)  were  supplied  into  twin 
screw  by  using  the  feeder  and  the  powdery 
ODA-CWC  was  added  from  another  feeder. 
The  mixture  was  melted-blend  between 
200-220  *C  by  using  above  twin  screw 
extruder,  pale-yellow  or  pale-brown  strands 
of  the  hybrids  were  obtained.  The  obtained 
strands  were  cooled  in  a  water  bath  , 
pelletized  with  a  cutter,  and  dried  under 
vacuum  at  60  ‘C  .  The  contents  of  the 
inorganic  clay  were  measured  by  burning  the 
samples.  The  results  are  listed  in  Table  1.  In 
orders  to  study  the  effect  of  the  clay  on  the 
mechanical  properties  and  gas  barrier 
properties  of  the  hybrids,  three  composites 
based  polyethylene  and  MA-g-PE  without 
clay  were  also  prepared  as  listed  in  Table  1 . 
The  dried  pellets  of  the  hybrids  were 
injection-molded  into  test  pieces  for  the 
measurement  of  the  mechanical.  Also,  for  the 
measurement  of  the  gas  barrier  permeability 
properties,  the  thin  films(  thickness  100  jx  m) 
of  the  hybrids  were  obtained  were  molded 


with  T-die  film  unit. 

Evaluation  of  the  Dispersibility  of  the  Clay 
in  Polyethylene  Matrix 
The  dispersibility  of  the  silicate  layers  in  the 
hybrids  was  evaluated  by  using  the  X-ray 
diffractometer.  The  X-ray  diffraction  (XRD) 
patterns  of  the  thin  films  of  the  hybrids  were 
obtained  by  using  a  Rigaku  X-ray 
diffractometer,  RAD-B,  with  Cu-Ka 
radiation  at  30kV  and  30mA. 

Measurement  of  mechanical  properties  and 
permeability 

The  tensile  test  was  measured  at  23  *C 
according  to  ASTM.  The  speed  of  the 
closshead  was  lOmm/min.  The  gas 
permeability  of  nitrogen  gas  was  measured  at 
60  “C  by  using  a  Yanaco  gas  permeation 
measurement  apparatus,  GTR-30.  The 
permeation  area  of  the  gas  is  16.2  cm2. 

Results  and  Discussion 

Evaluation  of  the  Dispersibility  of  the  Clay 
Layers  in  the  Hybrids 

Direct  evidence  of  the  nanometer  dispersion 
of  the  silicates  layers  of  the  clay  is  provided 
by  the  XRD  patterns  of  the  obtained  hybrids 
(Figure  1).  In  Figure  1,  the  peak  of 
ODA-CWC  around  2  0  =  4°  is  disappeared 
in  the  XRD  patterns  of  the  all  hybrid  samples. 
The  diffraction  strength  of  the  hybrid 
samples  are  gradually  increased  toward  low 
angle,  although  the  XRD  patterns  of  the  PEI 
exhibit  slightly  shoulder,  and  are  stronger 
than  that  of  polyethylene  and  MA-g-PE 


Table  1.  Compositions  of  the  Prepared  Hybrids  Based  on  PE,  MA-g-PE, 
and  ODA-CWC  and  of  the  Related  Samples _ 

sample _ matrix _ inorganic  clay  contents,  wt% 

PEI  KF380  0 

PE2  Ma-g-PE  0 

PE3  PEl/PE2=7/3  0 

PECH1  PEl/PE2=7/3  5.4 

PECH2  PEl/PE2=7/3  3.5 

PECH3  PE2  5.2 _ 
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20 -Cu  C  ) 


Figure  1.  XRD  patterns  of  the 
Obtained  Polyetylene-Clay  hybrids , 
Related  Sample,  and  ODA-CWC 


mixture  (PE3).  Since  the  peak  of  ODA-CWC 
shows  the  interlayer  distance  which  is 
obtained  by  the  XRD  of  (001)  diffraction 
face,  these  results  indicate  that  the  interlayer 
distance  of  silicate  layers  in  the  hybrid 
samples  are  expanded  beyond  100  A  as  a 
average.  Also,  NCH,  completely  dispersed 
silicate  layers  in  the  nylon  6  matrix,  exhibits 


no  peak  but  exhibits  a  gradual  increase  in  the 
XRD  strength.  Therefore,  the  nanometer 
dispersion  of  the  silicates  layers  in  the 
polyethylene  matrix  could  be  achieved.  In 
previous  our  work  3,  it  was  pointed  out  that 
the  miscibility  between  maleated 
oligomer(or  polymer)  and  matrix  polymer 
was  important  for  dispersion  of  the  silicate 
layers.  The  shoulder  of  the  XRD  patterns  of 
the  PECH1  may  be  attributed  to  a  few  of  the 
unexfoliated  layers  according  to  the 
miscibility  between  polyethylene  and 
MA-g-PE. 


Mechanical  properties  Study  of  the 
Polyethylene-clay  hybrids 
The  mechanical  properties  of  the 
polyethylene-clay  hybrids  and  neat 
polyethylenes  without  clay  are  summarized 
in  Table2.  The  tensile  strengthes  of  the 
hybrids  are  higher  than  those  of  each  matrix. 
In  order  to  clarify  the  effect  of  the 
hybridization  with  the  clay,  the  relative 
strengthes  and  moduli  of  the  clay  hybrids  to 
those  of  each  matrix  were  calculated  and  are 
shown  in  Table  2.  In  the  cases  of  PECH1  and 
PECH2  where  those  matrix  were  mixture  of 
polyethylene  (PEI)  and  MA-g-PE(PE2),  the 
strength  and  modulus  is  increased  according 
to  contents  of  inorganic  clay.  The  tensile 
modulus  of  the  PECH1  which  5wt% 
inorganic  clay  were  loaded  exhibits  1.8  times 
higher  than  that  of  the  matrix  (PE3),  although 
the  ultimate  elongation  of  PECH1  is  as  same 
as  that  of  the  matrix.  Also,  in  the  case  of 
PECH3  which  the  matrix  was 
MA-g-PE(PE2),  the  modulus  and  the 
strength  of  the  hybrid  is  higher  the  matrix 
respectively,  although  the  ultimate 
elongation  of  the  hybrid  is  slightly  lower  than 
that  of  matrix.  These  results  indicate  that  in 
the  polyethylene-clay  hybrids  the  strength 
and  the  modulus  is  increased  drastically  and 
that  the  ultimate  elongation  is  not  almost 
decreased. 
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Table2.  Tensile  Properties  of  the  Hybrids  and  Related  samples 


sample 

tensile 

properties 

tensile  modulus 
(MPa) 

tensile  yield  strength 
(MPa) 

tensile  yield  point 
(%) 

ultimate  elongation 
(%) 

PEI 

102 

7.3 

7.1 

>500 

PE2 

118 

9.3 

8.0 

180 

PE3 

99 

7.5 

7.7 

>500 

PECH1 

180(1.8) 

10.3(1.4) 

5.6 

>500 

PECH2 

140(1.4) 

9.4(1 .3) 

6.8 

PECH3 

157(1.3) 

12.6(1.4) 

7.0 

155 

The  values  in  parentheses  are  the  relative  values  of  the  hybrids  to  those  of  each  matrix 


Gas  Permeability  Study  of  the 
Polyethylene-clay  hybrids 
Table  3  presents  the  gas  permeability 
constants  of  nitrogen  gas  for  the  clay  hybrids 
and  related  samples.  Polyethylene-clay 
hybrids  show  superior  gas  barrier  properties. 
In  the  cases  of  PECH1  and  PECH2  the 
permeability  constants  of  the  hybrids  are 
decreased  as  an  increase  of  the  inorganic  clay 
content.  The  permeability  of  the  PECH1 
decreased  30%  as  compared  with  the 
matrix(PE3).  However  the  inorganic  clay 
content  of  the  PECH 1  are  almost  same  as  that 
of  the  PECH3,  the  permeability  of  the 
PECH3  decreased  35%  as  compared  with  the 
matrix(PE2).  The  gas  barrier  property  of  the 
PECH3  is  slightly  better  than  that  of  PECH  1 . 
The  difference  of  the  dispersebility  of  the 
clay  silicates  layers  in  the  matrix  influences 
to  the  difference  of  the  gas  barrier  property 
between  PECH1  and  PECH3. 


Table3.  Gas  Permeability  of  the  Hybrids 
and  related  samples. _ 


sample 

gas  permeability  constant 
(cm3(STP)  •  cm  ■  cm'2  •  s' 1  *  cm  Hg' 1 ) 

PEI 

7.01  X10‘10 

PE2 

7.28  X10'10 

PE3 

7.09  X10'10 

PECH1 

5.04X10'10 

PECH2 

5.21  X10'10 

PECH3 

4.64  X10‘10 

Conclusion 

We  have  successfully  prepared  the 
polyethylene-clay  hybrids  by  using  maleic 
anhydride  modified  polyethylene.  In  these 
the  silicate  layers  were  exfoliated  and 
dispersed  on  a  nanometer  level  in 
polyethylene  matrix.  The  polyethylene  clay 
hybrid  exhibits  superior  gas  barrier 
properties.  The  gas  permeability  of  the 
hybrid  is  decreased  30%  as  compared  with 
that  of  polyethylene  matrix. 
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Abstract 

Potassium  titanate  has  a  needle-like 
fiber  (ca.  0.5  pm  in  diameter,  ca.  10  pm  in 
length)  as  its  general  form,  and  is  widely 
used  as  reinforcement  material  of  plastic  and 
the  friction  material  of  brake  pad.  It  is 
suspected,  however,  that  there  is  a  wrong 
effect  to  the  human  respiratory  organs  due  to 
respirable  fibers  (under  3  pm  in  diameter, 
over  5  pm  in  length,  and  over  3  in  length  / 
diameter). 

To  get  rid  of  this  suspicion,  two 
kinds  of  new  type  potassium  titanates, 
TIBREX-RPN  and  TIBREX-AF,  have  been 
developed  by  controlling  their  chemical 
compositions  and  crystal  growing  processes. 
TIBREX-RPN  is  potassium  hexatitanate 
(K20  *  6Ti02  )  having  very  few  respirable 
fibers.  TIBREX-AF  is  potassium  octatitanate 
(K20  *  8Ti02)  fine  particles  of  0.5  pm  in 
mean  diameter  and  has  no  respirable  fibers. 
These  new  type  materials  are  becoming 
popular  to  make  disk  brake  pad  and  other 
FRP  products. 

Key  Words:  Potassium  Titanate,  Respirable 
Fiber,  Friction,  Brake  Pad. 


Introduction 

Potassium  titanate  is  a  multiple  oxide 
as  shown  in  the  following  general  formula: 
K20-nTi02  (K2Tin02n+i).  Both  potassium 
hexatitanate  of  n=6  and  potassium 
octatitanate  of  n=8  are  chemically  and 
thermally  stable  and  have  been  widely  used 
in  industries.  The  shape  of  conventional 
potassium  titanate  is  shown  in  Fig.l.  It  is 
microscopic  fibers  of  about  0.5  pm  in 
diameter  and  about  10  pm  in  length,  and  is 
classified  as  "whiskers". 


i  — — i  pm  ■  i» 

Fig.l  SEM  photograph  of  Fiber-type 


One  of  the  major  applications  is  as  a 
reinforcing  filler  for  engineering  plastics  to 
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give  them  such  properties  as  high-strength, 
high-modulus,  and  high  heat-resistance. 
Materials  for  dynamic  uses  such  as  in  gears, 
cams,  and  bearings  are  required  to  show 
excellent  frictional  properties  so  that  there  is 
no  occurrence  of  abrasion,  noise,  torque 
variation,  heat  generation,  deformation  etc. 
among  the  various  interactions  between 
materials 

Improvement  in  brake  performance 
by  the  use  of  potassium  titanate  fiber  was 
reported  by  National  Aeronautics  and  Space 
Administration  (NASA)  [1].  For  this  reason, 
potassium  titanate  fiber  has  also  been  widely 
used  as  a  blending  material  for  brake  pads 
owing  to  its  superior  friction  and  wear 
properties. 

In  accordance  with  the  recent  general 
trend  to  give  importance  to  the  preservation 
of  the  global  environment  and  human  safety, 
the  concern  about  the  possible  induction  of 
human  health  problems  by  microscopic 
fibrous  materials  has  been  growing. 
Representative  researches  on  this  property 
include  hypothesis  by  Stanton  and  that  by 
Pott  [2,3,4].  ILO  (International  Labor 
Organization)  define  the  respirable  fibers 
whose  use  should  be  controlled  in  the 
workplace  as  those  having  fiber-size  of  less 
than  3  pm  in  diameter,  greater  than  5  pm  in 
length,  and  greater  than  3  in  aspect  ratio 
(ratio  of  length  to  diameter)  [5].  DFG 
(Deutsche  Forschung  Gessellschaft)  classify 
such  fibers  as  fibrous  dust  and  also 
recommend  that  their  use  be  controlled  [6]. 

Demand  for  the  non-fibrous 
potassium  titanate  has  been  growing,  mainly 
in  Japan  and  in  Europe  and  United  States,  in 
applications  that  require  good  frictional 
properties,  and  that  do  not  require  fibrous 
form. 

New  type  potassium  titanate:  TIBREX 

Owing  to  the  anisotropy  of  during 
crystal  growth,  it  is  apt  to  take  the  fibrous 
shape  in  the  reaction  stage  of  the  synthesis. 
Conventionally,  synthesis  technologies  have 


been  developed,  in  which  the  anisotropy 
during  the  crystal  growth  is  promoted  to 
acquire  high  aspect-ratio  (ratio  of  fiber 
length/fiber  diameter)  fibers  and  so  obtain 
high  reinforcing  property.  On  the  contrary, 
development  of  a  new  shape-controlling 
technology  that  suppresses  anisotropy  is 
required  for  non-fibrous  type  potassium 
titanate. 

TIBREX-RPN 

By  the  use  of  a  newly  developed  synthesis 
method  incorporated  with  a  unique 
shape-controlling  technology,  TIBREX-RPN 
was  introduced  in  the  market  in  1995,  as  a 
product  that  practically  does  not  contain  any 
respirable  fiber.  Since  then,  it  has  been 
widely  used  as  a  blending  material  in  the  disk 
brake  pads  for  general  passenger  cars  both  in 
Japan  and  overseas,  building  a  proven  record 
of  performance.  The  shape  of  TIBREX-RPN 
is  shown  in  Fig.2.  Its  low  aspect  ratio  is  clear. 


Fig.2  SEM  photograph  of  TIBREX-RPN 


In  a  disk  brake  a  disk  rotor  made  of 
cast  iron  and  rotating  along  with  the  wheels  is 
sandwiched  between  the  two  parts  of  the 
caliber,  pressing  the  pad  as  a  friction  material 
against  the  rotor,  thereby  stopping  rotation. 
The  brake  pad  blended  with  TIBREX-RPN 
shows  various  features  such  as  stable 
coefficient  of  friction,  low  water-absorption, 
low  rotor-abrasion  (damage  to  opposite 
faces)  and  small  amount  of  squeal  noise. 

TIBREX-AF 

TIBREX-AF  is  a  non-fibrous  potassium 
titanate  recently  introduced  into  the  market. 
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As  shown  in  Fig.3,  it  is  made  of  fine  particles 
with  a  sharp  particle-size  distribution  at  0.5 
pm.  Used  in  brake  pads,  application  in  other 
compact  frictional  parts  where  fine-particle 
composition  is  advantageous  is  anticipated. 


Fig.3  SEM  photograph  of  TIBREX-AF 


Fig.4  shows  the  size  distributions  of 
length  and  diameter  of  the  TIBREX-AF, 
TIBREX-RPN,  and  the  conventional 
fiber-type,  measured  with  an 
image-analyzing  device  into  which  the  SEM 
images  of  these  were  fed.  The  results  show 
that  TIBREX-AF  does  not  contain  any 
respirable  fibers,  that  is,  fibers  of  3  pm  less  in 
diameter,  5  pm  more  in  length,  and  with 
aspect  ratio  of  3  more.  The  typical  properties 
of  TIBREX-RPN  and  TIBREX-AF  are 
shown  in  Table  1. 


0.1  1.0  10.0 
Diameter  O m) 

Fig.4  Size  distribution  of  potassium 
titanate 


Table  1  Typical  properties  of  TIBREX 


Grade 

TIBREX-RPN 

TIBREX-AF 

Shape 

Low-Aspect  Ratio 

Non-Flbrous 
Fine  Particle 

Substance  name 

Potassium 

Hexatitanate 

Potassium 

Octatitanate 

Chemical  formula 

KjOSTiC^ 

KjOariOj 

CAS-RN 

12056-51-8 

59766-31  -3 

E1NECS-RN 

- 

261-919-2 

Color 

White 

White 

Densltyfg/cm3) 

3.58 

3.45 

Bulk  density 

0.4 

0.3 

Median  slze(Mm) 

15 

05 

BET(ma/g) 

3 

15 

Mohs  hardness 

4 

4 

Water  content 

Less  than  0.8% 

Less  than  1.0% 

pH(dispersed  in  wate 

9.0 

105 

Import  registration 

Registered  on  EPA 

TSCAdnventory 

Characteristics  of  the  pad  blended  with 
TIBREX-AF 

The  brake  performance  of  the  brake 
pad  blended  with  TIBREX-AF,  a  non-fibrous 
form  of  potassium  octatitanate,  was 
investigated.  As  a  control  of  the  experiment, 
a  brake  pad  blended  with  the  fiber-type 
potassium  octatitanate  of  popular  use  was 
adopted. 

Formulations  and  testing  method 
Both  TIBREX-AF  blended  pad  and 
fiber-type  blended  pad  were 
trial-manufactured.  These  pads  were  NAO 
(Non-Asbestos  Organic)  blended,  as  shown 
in  Table  2. 


Table  2  Brake  pad  formulations 


Ingredient 

Content  wt% 

Binder 

Phenolic  Resin 

8 

Organic  Component 

Aramldo  Fiber 

8 

Rubber  Particle 

Cashew  Particle 

Inorganic  Fillers 

Mineral  Fiber 

45 

Barium  Sulfate 

Calcium  Carbonate 

and  Others 

Lubricants 

Graphite 

17 

Antimony  Sulfide 

Metallc  Component 

Copper  Fiber 

7 

Potassium 

Titanate 

Fiber-type 

15 

0 

TIBREX-AF 

O 

15 

|  Total 

100 

100 

Hardness  and  shear  strength  of  the  pads 
were  measured  in  conformity  with 
JIS-D4421  and  JIS-D4422,  respectively.  The 
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brake  performance  was  tested  in  the  PI 
category,  where  the  nominal  maximum 
speeds  exceeding  140Km/h,  in  the 
Dynamometer  Test  for  passenger  cars  in 
conformity  with  JASO  C406.  The  material 
employed  in  the  disk  rotor  was  Gray  Iron 
Casting  of  FC  250. 

Test-results 

The  hardness  and  the  shear  strength  of  the 
TIBREX-AF  pad  were  found  higher  by  as 
much  as  20%. 

As  for  the  brake  performance,  with 
regard  to  such  properties  as  effectiveness, 
fade,  recovery,  and  water  recovery,  obtained 
in  Dynamometer  Test,  no  substantial 
differences  were  found  between  pads 
blended  with  TIBREX-AF  and  with 
fiber-type.  Fig.6  shows  the  relation  between 
temperature  of  the  disk  rotor  and  its  friction 
coefficient  in  the  Second  Fade  Test.  It  shows 
that  there  is  no  fade,  i.e.,  lowered  friction 
coefficient  at  high  temperatures. 


Rotor  T 0mp.CC) 


Fig.6  Relation  between  rotor  temp  and 
friction  coefficient 

Total  number  of  motion  controlling 
actions  by  the  brake  was  627  times  in  the 
Dynamometer  Test.  After  the  Test,  the  wear 
loss  in  thickness  of  the  pads  and  the  rotor 
were  measured.  The  TIBREX-AF  pad 
showed  about  20%  less  wear  loss  of  the  pad 
and  about  40%  less  loss  of  the  rotor, 
compared  with  those  for  the  fiber-type  pad. 

Fig.7  is  the  summary  of  the  wear  of 
the  pads  and  the  rotor.  TIBREX-AF  showed 
that  it  gives  excellent  wear-resistance  to  the 
pad  and  lowers  abrasion  of  the  rotor. 


Fig.7  Wear  performance 


Conclusion 

TIBREX,  a  new  type  potassium 
titanate,  has  the  non-fibrous  form  designed  in 
consideration  of  safety  of  the  environment 
where  it  is  used. 

TIBREX-RPN  has  been  already 
employed  in  the  brake  pads  for  general 
passenger  cars,  with  proven  performance. 
TIBREX-AF,  developed  for  securing  higher 
safety  than  TIBREX-RPN,  contains 
practically  no  respirable  fibers.  It  shows 
friction  characteristics  identical  with  the 
conventional  fiber-type  in  the  brake 
comparison  test,  and  superior  performance 
compared  with  the  fiber-type  in  terms  of  pad 
and  rotor  abrasions. 

Application  of  these  two  kinds  of 
potassium  titanate  of  new  shape  different 
from  conventional  types  other  than  for 
frictional  parts  is  expected  in  the  future. 
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Abstract 

"Air  quality  of  the  living  environment" 
is  one  of  the  important  issues  today.  In  the 
vehicle  compartment,  there  has  been  a  need 
to  purify  the  air  by  removing  odors  such  as 
tobacco  smoke.  Tobacco  smoke  contains 
4,000  or  more  kinds  of  the  volatile  organic 
compounds  (VOC)  such  as  nitrogen 
compounds,  aldehydes,  acetic  acids, 
hydrocarbons.  In  order  to  improve  air  quality, 
we  developed  seat  fabrics  with  deodorization 
function.  The  deodorization  function  was 
made  by  applying  adsorbents  to  the  back  of 
the  fabrics.  The  composite  adsorbents  we 
invented,  contain  silica-copper(II)  sulfate 
complex  and  activated  carbon.  Especially, 
silica-copper(II)  sulfate  complex  are 
chemical  adsorbents  for  nitrogen  compounds 
that  are  mainly  odors  from  tobacco  smoke.  It 
was  found  that  the  seat  fabrics  reduced  each 
component  of  odors  (VOC)  to  less  than  1/10. 


Also,  the  lifetime  was  estimated  more  than 
five  years.  Consequently,  a  more  comfortable 
space  for  passengers  is  created  and 
maintained. 

Key  Words:  seat  fabrics,  deodorization, 
adsorbent 

Introduction 

In  recent  years,  vehicles  have  been 
required  not  only  for  the  means  of 
transportation,  but  also  for  the  riding  comfort. 
According  to  the  research  for  car  user0,  95% 
of  passengers  felt  discomfort  at  the  odors  in 
the  vehicle  compartment.  Moreover,  a  main 
cause  of  odors  was  tobacco  smoke.  Tobacco 
smoke  contains  4,000  or  more  kinds  of  the 
volatile  organic  compounds  (VOC)  such  as 
nitrogen  compounds,  aldehydes,  acetic  acids, 
hydrocarbons.  Especially,  it  became  apparent 
that  the  removal  of  nitrogen  compounds  was 
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effective  for  reducing  unpleasantness2,  3). 
However  the  conventional  physical 
adsorbents  such  as  activated  carbon  were  not 
effective  for  removing  nitrogen  compounds. 
This  study  was  performed  to  develop 
chemical  adsorbents  for  nitrogen  compounds 
and  apply  the  deodorization  function  to  the 
seat  fabrics  that  occupy  a  large  area  in  the 
vehicle  compartment. 

Experimental  Procedure 
Materials 

Activated  carbon,  silica,  sepiolite 
were  used  as  adsorbents.  The  physical 
properties  of  these  porous  materials  are 
shown  in  Table  1 .  CuS04*5H20  was  selected 
as  adsorbents  for  nitrogen  compounds.  It  was 
used  as  impregnation  ingredients  on  the  silica. 
Copolymerization  acrylic  resin  emulsion 
(Tg:  -40°C)  were  used  as  back-coating  agents. 
Textile  fabrics  (moquette)  made  from 
polyester  yam  was  used  as  car  seat  fabrics. 


Table  1  Physical  properties  of  porous 
materials 


porous  material 

pore  diameter 
(nm) 

specific  surface 
area  (m2/g) 

activated  carbon 

1.7 

850 

silica- 1 

2.5 

700 

silica-2 

17 

300 

sepiolite 

1. OX  0.5 

300 

Preparation  of  silica-copper  (II)  sulfate 
complex 

4.7g  of  CuSCVSHiO  was  dissolved 
in  45ml  of  water  with  stirring.  Then,  30g  of 
silica  was  added  to  the  clear  aqueous  solution, 
and  further  stirred  for  10  minutes.  The 
mixture  was  dried  at  100°C  for  12hr. 

Preparation  of  seat  fabrics 

The  back-coating  agent  with 
deodorization  function  was  prepared  as 
follows.  45g  of  activated  carbon,  29g  of 
silica  -copper(II)  complex  and  150g  of  water 
were  mixed  to  1  lOg  of  acrylic  resin  emulsion. 


The  nonvolatile  content  was  34%.  This 
back-coating  agent  was  applied  to  the  back  of 
the  fabrics  so  that  dryness  weight  might 
become  about  100g/m2.  By  drying  at  135°C 
for  15  minutes,  the  seat  fabrics  with 
deodorization  function  were  prepared.  For 
comparison,  the  seat  fabrics  without 
adsorbents  were  also  prepared  (untreated). 

Removal  odors:  evaluation  using  model  gas 
Adsorption  capability  of  the 
adsorbent  was  examined  for 
trimethylamine  which  was  representative 
adsorbate  for  nitrogen  compounds. 
Adsorption  capability  of  the  seat  fabrics 
was  measured  using  mixed  model  gas, 
which  consisted  of  trimethylamine, 
ammonia,  acetaldehyde  and  toluene.  The 
adsorbents  or  seat  fabrics  were  put  into 
non-permeable  bags  (5L).  The  gases 
generated  by  vaporization  were  introduced 
into  the  bag.  The  bags  were  kept  at  25°C  for 
24hr  after  sealing.  The  final  concentration 
of  the  gas  remaining  in  the  bag  was 
measured  using  a  gas  chromatograph.  From 
each  concentration,  the  amount  of  gas 
removed  was  calculated  and  adsorption 
isotherms  were  obtained.  Comparison  of 
adsorption  capability  was  performed  in  the 
amount  of  gas  removed  at  lOppm  of  the 
equilibrium  concentration. 

Removal  odors:  real  vehicle  model 
evaluation  using  tobacco  smoke 

This  evaluation  was  carried  out  using 
a  acrylic  resin  box  measuring  45  X  45  X 
45cm.  The  volume  was  1/33  scale  of  a  real 
vehicle.  The  seat  fabrics  measuring  40  X 
40cm  were  placed  in  the  acrylic  resin  box 
with  six  lit  cigarettes  and  the  box  was  shut 
down.  The  seat  fabrics  were  taken  out  and 
left  indoors  for  three  days.  The  seat  fabrics 
were  put  into  the  new  acrylic  resin  box  and 
left  for  one  day.  Seven  panelists  smelled  the 
air  in  the  acrylic  resin  box,  and  evaluated 
about  “odor  intensity”  and  “pleasantness/ 
unpleasantness”  shown  in  Table  2,  which 
were  provided  by  ministry  of  the 
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environment  Japan.  Gas  samples  were 
collected  with  adsorption  tubes  containing 
tenax  GC.  Following  thermal  desorption, 
the  contaminants  were  quantitated  by  gas 
chromatograph  with  FID.  Moreover, 
estimating  of  functional  lifetime  was 
evaluated15. 


Table  2  Standard  of  sensory  test 


Odor  intensity 

Pleasantness/U  nplesa  ntness 

5:  Very  strong  odor 

4:  Strong  odor 

3:  Odor  easily  sensed 

2:  Weak  odor  with  the  kind 
of  recognizable  odor 

1 :  Barely  recognizable  odor 
0:  No  odor 

3:  Very  pleasant 

2:  Pleasant 

1 :  Rather  pleasant 

0:  Neither  pleasant  nor  unpleasant 
-1:  Rather  unpleasant 
-2:  Unpleasant 
-3:  Verv  unpleasant 

Removal  odors:  real  vehicle  evaluation 
using  tobacco  smoke 

This  evaluation  was  carried  out  using  a 
real  vehicle.  The  deodorization  function  was 
applied  to  the  front  side  of  the  seat.  The  total 
area  was  4m2.  One  lit  cigarette  was  placed  in 
a  vehicle  and  left  with  windows  shut  at  80°C 
for  16hr.  Seven  panelists  were  carried  out  the 
odor  sensory  test  at  40°C. 

Results  and  Discussion 

Development  of  adsorbents  for 
trimehtylamine 

We  examined  efficiency  of 
adsorbents  using  trimethylamine  that  was 
polarity  and  bulky  nitrogen  compounds.  The 
results  of  the  adsorption  capability  are  shown 
in  Fig.l.  Silica-1  was  the  most  highly 
efficient  in  evaluated  porous  material.  It  was 
presumed  that  silica- 1  had  many  adsorption 
sites  of  silanol  groups  which  formed 
hydrogen  bonds  with  trimethylamine45. 
Silica- 1  impregnated  copper(II)  sulfate 
which  forms  a  stable  complex  with  nitrogen 
compounds35  was  more  effective.  Silica 
-copper(II)  sulfate  complex  was  about  9 
times  more  effective  than  conventional 
adsorbents  such  as  activated  carbon  and 
sepiolite'5.  Also,  the  odors  adsorbed  by 
physical  adsorbent  such  as  activated  carbon 


might  be  released  into  the  air  if  the 
temperature  rises.  We  examined  that  the 
chemical  adsorbents  such  as  silica-copper(II) 
sulfate  complex  did  not  release  the  odors 
under  high  temperature  (80°C)  by  the  odor 
sensory  test. 


Activated  Sepiolite  Silica-2  Silica-1  Silica-1  - 
Carbon  CuS04  complex 

Fig.l  Amount  of  trimethylamine 
adsorbed  by  porous  materials 

Structure  of prepared  seat  fabrics 

The  cross-sectional  photographs  of 
seat  fabrics  using  the  mixed  adsorbents, 
silica-copper(II)  sulfate  complex  and 
activated  carbon  were  shown  in  Fig.2.  It  was 
confirmed  that  the  adsorption  resin  layer 
containing  two  kinds  of  adsorbents  was 
formed  to  the  back  of  the  fabrics.  The  acrylic 
resin  of  the  adsorption  resin  layer  had  the 
function  of  both  back-coating  and  fixing  the 
adsorbents.  It  had  numerous  pores  that 
increased  contact  surface  with  adsorbents 
and  the  odors. 


a)  Secondary  electron  b)  Backscatterd  electron  image 
image  (expansion  of  adsoption 

resin  layer) 

Fig.2  Cross-sectional  photographs  of  the 
seat  fabrics  with  deodorization  function 
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Adsorption  capability  for  model  gas 

The  adsorption  amount  of  the  seat 
fabrics  in  mixed  model  gas  is  shown  in  Table 
3.  The  developed  seat  fabrics  adsorbed  each 
odor,  and  especially  adsorption  of  amine  was 
excellent.  On  the  other  hand,  untreated  seat 
fabrics  did  not  adsorbed  any  odors.  This 
result  suggests  that  the  developed  fabrics  are 
effective  for  removing  odors. 

Table  3  Efficiency  of  advanced  seat  fabrics 

Adsorption  amount  (mg/m2) 


Adsobate  Development  Untreatment 


Trimethylamine 

1100 

0 

Ammonia 

300 

0 

Toluene 

840 

0 

Acetoaldehyde 

100 

0 

Adsorption  capability  for  tobacco  smoke 

The  result  of  odor  sensory  test  using 
the  real  vehicle  model  for  tobacco  smoke  is 
shown  in  Table  4.  Developed  seat  fabrics 
improved  1 .5  points  of  odor  intensity  and  0.6 
points  of  unpleasantness.  It  became  clear  that 
the  developed  seat  fabric  was  very  effective 
in  reducing  the  strength  of  odors  and 
displeasure.  Moreover  as  a  result  of 
analyzing  gas  chromatography,  the  seat 
fabrics  reduced  each  component  of  odors  to 
less  than  1/10.  The  nitrogen  compounds  such 
as  pyridine,  nicotine  were  especially  reduced. 


Table  4  Result  of  odor  sensory  test 


Odor  intensity 

unpleasantness 

Development 

1.9 

-1.1 

Untreatment 

3.4 

-1.7 

Estimation  of  functional  lifetime 

The  functional  lifetime  was  evaluated 
for  tobacco  smoke.  As  a  result,  it  was 
estimated  that  if  people  smoke  two  cigarettes 
a  day  in  the  vehicle  compartment,  the 
functional  lifetime  was  more  than  5  years. 


Real  vehicle  evaluation 

The  adsorption  capability  of  the  real 
vehicle  equipped  the  seat  with  deodorization 
function  was  evaluated.  The  structure  of  the 
seat  fabrics  is  shown  in  Fig.3.  As  a  result  of 
the  odor  sensory  test  for  tobacco  smoke,  the 
capability  of  removing  odors  in  the  vehicle 
compartment  was  similar  to  that  of  the  model 
evaluation  using  the  acrylic  box. 


The  seat  fabrics  with  deodorization 
function  are  used  for  vehicles. 


Fig.3  Structure  of  the  seat  fabrics  with 
deodorization  function  for  vehicles 


Conclusions 

1.  Silica-copper(II)  sulfate  complex  were 
efficient  chemical  adsorbents  for  nitrogen 
compounds. 

2.  The  seat  fabrics  with  deodorization 
function  was  obtained  by  applying  silica 
-copper(II)  sulfate  complex  and  activated 
carbon  to  the  back  of  the  fabrics. 

3.  The  seat  fabrics  showed  removing  odors 
such  as  tobacco  smoke  in  the  vehicle 
compartment. 
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Abstract 

A  new  rubber  recycling  technology  to 
produce  a  polyolefin  thermoplastic  elastomer 
(TPO)  based  on  EPDM  waste  was  developed. 
In  this  technology,  the  devulcanization  of 
EPDM  waste  and  the  compatibilization  of  the 
EPDM  and  PP  would  occur  continuously  and 
finally  attain  to  the  production  of  the  TPO.  In 
the  TPO  obtained  under  optimized  conditions, 
EPDM  phase  was  dispersed  with  a  size  of 
1 -micrometer  order  in  continuous  PP  phase. 
The  TPO  shows  rubbery  elasticity  and 
recovers  its  original  length  after  elongation  in 
a  similar  manner  to  commercial  one.  These 
properties  may  be  due  to  a  suitably  formed 
phase  structure  (i.e.,  loosely  crosslinked 
EPDM  domains  dispersed  in  PP  matrix).  The 
appropriate  control  of  the  devulcanization 
reaction  for  EPDM  waste  may  contribute  to 
the  production  of  the  TPO  showing  good 
properties 

Key  Words:  Polyolefin,  Thermoplastic 
Elastomer,  Recycle,  EPDM  waste,  Shear 
Flow  Reactor,  Rubbery  Elasticity 

Introduction 

Recently,  a  continuous  rubber 
recycling  technology  has  been  developed  for 
vulcanized  ethylene-propylene-diene  rubber 


(EPDM)  wasted  In  this  process,  the 
breakages  of  carbon-sulfur  crosslinking 
points  occur  selectively  under  the  control  of 
shear  stress,  reaction  temperature  and 
internal  pressure.  The  devulcanized  rubber 
exhibits  excellent  mechanical  properties 
nearly  equal  to  neat  rubber.  This  recycling 
technology  has  been  utilized  manufactually 
and  the  devulcanized  rubber  has  been  used  as 
materials  for  automotive  parts.  In  this  study, 
for  the  aim  at  the  production  of  highly 
valuable  materials  such  as  thermoplastic 
elastomer,  a  more  sophisticated  technology 
has  been  developed. 

Polyolefine  thermoplastic  elastomer 
(TPO)  is  generally  made  by  melt-blending  of 
EPDM  with  polypropylene  (PP)  or 
polyethylene  (PE).  Because  TPO  contains  a 
large  amount  of  EPDM,  about  2/3  or  more  by 
weight,  it  exhibits  the  rubbery  elasticity.  The 
continuous  thermoplastics  phase  is 
responsible  for  the  reprocessability  of  TPO 
by  heating.  In  order  to  disperse  the  EPDM, 
dynamic  vulcanization  procedure  is  often 
introduced  in  the  melt-blending  process. 
EPDM  molecules  form  themselves  into 
individual  domains  by  the  vulcanization  and 
converted  from  continuous  phase  into 
disperse  phase.  Partially  vulcanized  EPDM  is 
simply  blended  with  PP  in  some  TPOs 
instead  of  performing  dynamic 
vulcanization. 
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The  devulcanized  rubber  obtained  by 
this  developed  method  contains  gel 
component  which  corresponds  to  loosely 
crosslinked  network  chain  and  its  density  is 
variable  by  controlling  the  devulcanization 
reaction.  In  this  study,  we  have  developed  an 
enhanced  technology  to  produce  a  TPO 
based  on  waste  EPDM  rubber. 

Experimantal 

Material 

The  waste  EPDM  was  obtained  from 
the  weather  strips  (automotive  waterproofing 
parts),  which  were  generated  in  the  process 
for  manufacturing.  It  was  sulfur-vulcanized 
rubber  compounded  with  carbon  black, 
process  oil,  etc.  It  was  roughly  crashed  into 
small  pieces  in  the  size  of  about  5  mm  for  the 
following  process. 

A  neat  commercial  PP  was  used  as  a 
polyolefin  thermoplastics.  According  to  the 
manufacturer  data,  the  PP  is  generally  used 
for  extrusion  products  and  its  melt  flow  rate 
is  3.0g/10min. 

Equipment 

The  TPO  samples  were  produced 
with  the  “Shear  Flow  Reactor”  based  on  a 
twin  screw  extruder.  A  schematic  diagram  is 
shown  in  Fig.  1.  In  the  initial  zone,  the 
crashed  EPDM  would  be  pulverized  by 


shearing.  In  the  following  zones,  the 
devulcanization  (selective  breakages  of 
crosslinking  points  in  the  EPDM)  and 
compatibilization  of  the  EPDM  and  PP 
would  occur  continuously  and  finally  attain 
to  the  production  of  the  TPO.  In  order  to 
obtain  some  desirable  TPO,  screw  geometry 
and  configuration  for  the  reactor  and  reactive 
conditions  were  suitably  adjusted. 

Characterization 

The  measurement  of  Mooney 
viscosity  and  the  gel  fraction  of  the 
devulcanized  EPDM  which  was  obtained 
without  blending  PP  were  performed  to 
characterize  the  degree  of  devulcanization. 
The  morphorogies  of  the  obtained  TPOs 
were  observed  with  a  transmission  electron 
microscope  (TEM).  Mechanical  properties 
such  as  tensile  strength  (Tb),  elongation  at 
break  (Eb),  tensile  modulus,  and  others  of  the 
TPO  were  measured  according  to  ASTM. 
Elastic  recovery  behaviors  of  the  TPOs  were 
investigated  by  elongation-recovery  tests 
(maximum  strain:  50%). 

Results  and  Discussion 

In  the  TPO  obtained  under  optimized 
conditions,  EPDM  phase  was  dispersed  with 
a  size  of  1 -micrometer  order  in  continuous 
PP  phase  (Fig.  2).  The  TPO  showed  good 


Waste  rubber 
(vulcanized  EPDM) 


[  Deodorization 


Polypropylene 


Water 

I 


Y 

Degassing  j  Degassing  If 


Water 


Thermoplastic 

elastomer 

(TPO) 


Fig.l  A  schematic  diagram  of  the  processing  system  for  polyolefin  thermoplastic 
elastomer  (TPO)  based  on  waste  rubber. 
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Fig.  2  TEM  images  of  developed  TPO. 
(EPDM/PP  =80/20(wt%» 


30  40  50  60  70  80 


MLi+4 

Fig.3  Relationship  between  tensile 
strength  of  TPO  and  Mooney 
viscosity  of  devulcanized  EPDM. 
Numbers  correspond  to  different 
screw  configurations.  No.l:  the 
highest  shear  stress  and  pressure 
configuration,  No.3:  the  lowest  one 


processability  for  injection  molding.  On  the 
contrary,  EPDM  formed  continuous  phase  in 
other  TPOs  in  which  Mooney  viscosity  of  the 
EPDM  was  too  high,  i.e.,  there  were  large 
amounts  of  cross  linking  in  the  EPDM.  The 
morphorogical  changes  did  not  occurred  for 
these  samples  even  if  the  EPDM  was 
melt-blended  with  PP  intensively.  The 
EPDM  with  extremely  low  Mooney  viscosity 
also  formed  continuous  phase  in  TPO.  It  is 
shown  that  the  appropriate  control  of  the 
devulcanization  reaction  for  EPDM  waste  is 
important  to  the  suitable  morphorogy 
formation  of  the  TPO.  It  is  thought  that  both 
of  the  existence  of  the  loosely  crosslinked 
network  chains  and  carbon  black  particles  in 
the  devulcanized  EPDM  contribute  to  the 
formation  of  EPDM  disperse  phase  in  TPO. 
Both  may  act  as  appropriate  domain 
formation  of  EPDM  molecules.  The  domain 
formation  may  be  disturbed  by  insufficient  or 
excess  devulcanization  of  EPDM  waste. 
Consequently,  EPDM  forms  continuous 
phase. 

Mechanical  properties  of  the  TPO 


also  depended  on  degrees  of  devulcanization 
of  the  EPDM.  Fig.  3  shows  the  relationship 
between  tensile  strength  of  the  TPO  samples 
and  Mooney  viscosity  of  the  devulcanized 
EPDM  samples.  Numbers  in  Fig.  3 
correspond  to  the  difference  in  shear  stress 
and  pressure  in  the  pulverization  zone  and 
the  devulcanization  zone  decreased  in 
number  order.  In  other  words,  the  shear  stress 
and  pressure  applied  on  EPDM  waste  was  the 
highest  in  configuration- 1  and  was  the  lowest 
in  configuration-3.  When  the  reactive 
conditions  were  changed  in  the  same  screw 
configuration,  Tb  of  the  TPO  increased  with 
Mooney  viscosity.  It  is  thought  that  the 
restraint  of  excess  heat  generation  is 
important  because  the  viscosity  increases 
with  decreasing  the  temperature  in  the 
pulverization  20ne  and  the  devulcanization 
zone  of  the  reactor.  In  comparison  with  the 
screw  configurations,  Tb  decreased  with  the 
screw  configuration  number  increasing.  It  is 
evident  that  Tb  becomes  higher  under  higher 
shear  stress  and  internal  pressure  without  the 
degradation  by  heat. 
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Fig.  4  Relationship  between  elongation 
at  break  of  TPO  and  Mooney 
viscosity  of  devulcanized  EPDM. 
Marks  correspond  to  those  in 
Fig.  3. 

Elongation  at  break  of  the  TPO 
decreased  with  the  increase  in  Mooney 
viscosity  and  did  not  depend  on  the  screw 
configuration  as  shown  in  Fig.  4.  The 
increase  in  the  viscosity  causes  the  decrease 
in  Eb.  However,  the  TPO  using  the  EPDM 
with  the  viscosity  of  lower  than  60  shows 
both  of  plasticity  (i.e.,  lost  of  rubbery 
properties)  and  high  extensibility.  It  may  be 
concluded  that  the  TPO  shows  good  tensile 
properties  with  Mooney  viscosity  of  the 
devulcanized  EPDM  in  the  range  of  60  to  65. 

The  TPO  with  good  tensile  properties 
recovered  its  original  length  after  elongation 
in  the  elongation-recovery  tests  as  shown  in 
Fig.  5.  This  behavior  was  similar  to  a 
commercial  one.  It  is  shown  that  the 
developed  TPO  has  rubbery  elasticity.  The 
TPO  showed  higher  slope  of  the  stress-strain 
curve,  which  was  equivalent  to  higher 
modulus,  than  commercial  one.  These 
properties  may  be  due  to  the  presence  of 
carbon  black  particles  in  the  EPDM  phase 
and  bound  EPDM  rubber  chains  with  the 
carbon  black.  In  the  case  of  the  EPDM  with 
Mooney  viscosity  of  lower  than  60,  TPO 


Fig.  5  Stress-strain  curves  in  elongation - 
recovery  measurement. 

showed  poor  rubbery  elasticity  and  did  not 
recover  to  its  original  length  after  elongation 
procedure. 

Conclusions 

A  new  rubber  recycling  technology 
by  the  continuous  process  in  which  the 
devulcanization  of  EPDM  waste  and  the 
compatibilization  of  the  EPDM  and  PP 
proceed  to  produce  TPO  was  developed.  In 
the  TPO  obtained  under  optimized  conditions, 
the  EPDM  component  forms  the  disperse 
phase  with  a  size  of  1 -micrometer  order  in 
continuous  PP  phase.  The  TPO  showed 
rubbery  elasticity  and  good  recoverable 
property  after  high  elongation.  These 
properties  may  be  due  to  the  presence  of 
loose  crosslinking  structure  and  carbon  black 
particles  in  the  EPDM.  It  is  concluded  that 
devulcanization  reaction  for  EPDM  waste  is 
the  most  important  to  the  production  of  the 
TPO  showing  good  properties 
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Abstract 

This  paper  describes  the 
designing  process  of  FRP  regulation  baseball 
bat.  FRP  baseball  bat  has  some  superior 
properties  such  as  high  durability  and  easy 
control  of  restitution  rather  than  conventional 
metal  and  wooden  bats.  For  the  important 
parameters  of  the  baseball  bat,  coefficient  of 
restitution,  the  measurement  method  and 
dependency  on  geometrical  parameter  are 
discussed.  Moreover  designing  method 
based  on  the  numerical  simulation  is  also 
proposed. 

Key  Words:  FRP,  Baseball  Bat,  Coefficient 
of  Restitution,  Numerical  Simulation 

Introduction 

For  sporting  gears,  the  first  application 
examples  of  fiber  reinforced  plastics  (FRP) 
are  tennis  racket  and/or  golf  shaft.  On  the 
other  hand,  the  baseball  bats  have  been  made 
of  aluminum  or  specific  wood.  Impact 
energy  of  the  baseball  bats  at  the  ball  hitting 
is  much  larger  than  that  of  tennis  racket  and 
golf  shaft.  For  instance,  in  the  regulation 
baseball  bat,  the  ball  with  a  diameter  of 
70mm,  the  weight  is  145g.  Impact  velocity  is 
usually  140  km/h.  and  the  ball  velocity  hit  is 
larger  than  the  impact.  Therefore  the 


application  of  FRP  has  been  delayed. 
However  new  issues  in  the  conventional 
materials  have  been  focused.  At  first,  the 
specific  wood  is  decreasing  against  various 
environmental  problems  such  as  forest 
destruction  and  acid  rain.  Secondary  the 
metal  bat  causes  hard  listening  of  players. 
Thirdly  both  the  conventional  materials  have 
been  had  the  low  durability.  Based  on  the 
above  background,  I  started  the  development 
of  FRP  regulation  baseball  bat.  In  this  report, 
the  designing  process  and  some  experimental 
and  simulation  results  are  described. 

Mechanical  Properties  of  Baseball  Bat 

Restitution  Property 

One  of  the  most  important  properties  in 
the  bat  is  the  restitution  property.(1)  Figure  1 
is  a  schematic  illustration  of  experimental 
method  for  the  measurement  of  restitution. 
The  system  is  constructed  by  the  air  gun, 
CCD  camera,  image  processor  and  personal 
computer.  The  coefficient  of  restitution,  e 
can  be  calculated  by  Eqn.l  under  some 
assumptions, 


m  ml 


Eqn.l 
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Picture  analysis 
system 

CCD  camera 

Fig.l  Illustration  of  coefficient  of  restitution 
measurement  system 

where,  m  and  M  denote  the  weight  of  ball  and 
bat.  I  and  1  represent  the  moment  inertia  of 
the  whole  bat  and  the  distance  between  hit 
point  and  the  gravity  position,  respectively. 
The  postscripts  of  v,  0  and  1  means  the  ball 
velocities  at  pre  and  post  impacts.  The  bat  is 
suspended  by  a  fine  string,  this  is  equivalent 
with  the  free  condition.  By  using  this  system, 
v0  and  V;  are  measured  and  c  is  calculated. 
Table  1  lists  the  basic  geometrical  properties 
of  baseball  bats  used.  Figure  2  shows  the 
coefficients  of  restitution  obtained  from 


metal  and  wood  plotted  against  the  impact 
position.  It  was  clarified  that  e  was  highest  at 
l=150mm  in  both  the  bats.  It  was  also  found 
that  the  metal  bat  had  the  higher  e  rather  than 
the  wood  bat.  However  the  wood  bat  has  the 
wider  sweet  area,  which  produce  the  high 
restitution. 


Distance  from  the  center  of  gravity  (mm) 

Fig.2  Coefficient  of  restitution  plotted  against  the 
distance  from  the  center  of  gravity  in  case  of  v0  =  130 
km/hr 

Mechanical  Properties 

Two  mechanical  properties  are  focused 
in  this  study.  One  is  the  bending  stiffness  and 


Computer 


Table  1  Physical  properties  of  baseball  bats  used  in  this  study 


:  Bat  type 

Weight 

Length 

j  Max.  dameter 

Center  of  gravity 

Moment  of  inertia 

i  [r] 

T  mm  1 

[mm] 

[mm] 

[kg. cm2  ] 

Metal 

829.9 

840 

70 

473 

540 

Wood 

898.6 

860 

64 

483 

580 

Load  cell 


<  X- 
60mm 


400mm 


260mm 


-> 


(a)  Flexural  experiment  (b)  Compressive  experiment 

Fig.3  Experimental  measurement  method  of  baseball  bat  properties 
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the  other  is  lateral  compressive  stiffness  at 
the  batting  portion  measured  by  Fig.3  (a)  and 
(b)  methods,  respectively.  Table  2  shows  the 
lists  of  the  static  properties  obtained.  The 
metal  bat  has  the  higher  flexural  stiffness  and 
the  lower  compressive  stiffness,  as  compared 
with  the  wood  bat. 


Table  2  Mechanical  properties  measured 


Stiffness  [  kgf/nm  1 

Bat  type  ! 

Flexural 

Lat.  Compressive 

Metal  ! 

34.857 

29.141 

Wood  1 

10.286 

130.98 

Numerical  Simulation 

In  order  to  clarify  the  relationship 
between  restitution  and  static  mechanical 
properties,  the  explicit  finite  element 
analyses  were  performed.  Figure  4  shows  the 
numerical  model  used.  The  ball  was 
represented  by  3-d.  solid  model  which  has 
the  equivalent  stiffness.  The  bat  was 
modeled  by  thin  shell  elements  with  the 
constant  thickness  of  2.5  mm.  The  ball 
impact  velocity  is  set  to  be  130  km/h.  The 
impact  point  is  130mm  apart  from  the  bat  top. 
In  this  simulation,  the  bat  was  subdivided 
into  two  portions,  which  has  the  independent 
elastic  modulus.  The  elastic  modulus  of  the 
batting  portion,  Ei  correspond  to  the  lateral 
compressive  stiffness,  the  modulus  of 
tapered  portion,  E2  correspond  to  the  bending 
stiffness.  In  these  simulations,  two  kinds  of 
analyses  were  performed.  E2  dependency 
upon  the  restitution  are  checked  under  the 


Ej :  Young’s  modulus  of  the  batting  part 
E2  :  Young’s  modulus  of  the  tapered  part 

Fig.4  Numerical  model  used  in  ball  impact 
simulation 


constant  of  Els  70GPa.  Next,  EL  dependency 
upon  the  restitution  are  checked  under  the 
constant  of  E2,  70GPa.  The  dependencies  of 
these  moduli  on  the  restitution  property  are 
independently  shown  in  Fig.5.  Judging  from 
this  figure  and  Fig.2,  it  was  found  that  the 
stiffness  of  the  batting  portion  mainly  made  a 
great  influence  on  the  restitution  property. 


Stillness  (  kgfmm) 


Fig.5  Relationship  between  coefficient  of 
restitution  anbat  stiffness  obtained  from  numerical 
simulation 

This  result  can  be  understood  by  the 
phenomenon  that  only  the  ovalization  of  the 
batting  portion  is  caused  in  the  contact  phase. 
In  other  words,  the  whole  flexural 
deformation  cannot  be  caused  during  the 
contact  time. 

Designing  of  baseball  bat  by  using  the 
numerical  simulation 

As  already  mentioned,  the  designing  of 
the  batting  portion  is  very  important  for  the 
control  of  coefficient  of  restitution.  The 
portion  is  a  cylindrical  structure,  high  strain 
energy  is  caused  at  the  impact.  Namely  the 
strength  analysis  is  required  in  this  designing. 
In  this  research,  the  lateral  compressive 
analysis  of  CFRP  cylindrical  tube  is  effective 
for  predicting  the  strength  and  stiffness  of  the 
batting  portion  in  FRP  baseball  bat.  In  this 
section,  numerical  model  of  cylindrical  FRP 
laminates  is  proposed  and  the  validity  is 
checked  by  a  comparison  with  experimental 
results.  Figure  6  shows  the  numerical  model 
which  can  consider  the  heterogeneity  of  FRP. 
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Fig.6  Quasi-threc-dimcnsional  model (2) 

In  the  prediction  of  the  strength,  the  onset 
and  propagation  of  local  failures  such  as 
transverse  crack,  interlaminar  delamination 
and  fiber  breakage  must  be  predicted.  The 
proposed  model  has  two  type  elements.  The 
direct  application  of  the  conventional 
homogeneous  model  is  not  proper,  because 
the  homogeneous  model  cannot  separately 
consider  the  above  local  failures.  The 
stacking  sequence  used  is  [0  /  -0]sym.  (0  = 
15,  30,  45  and  60),  where  0=  90  indicates  the 
hoop  direction.  The  outer  and  inner 
diameters  arc  70  and  61mm,  respectively. 
The  nominal  thickness  is  4.5mm.  The  length 
is  30mm.  Figure  7  shows  the  comparison 
between  analytical  and  experimental  curves. 
Judging  from  this  figure,  the  numerical 


Fig.7  Comparison  of  load-deflection  curves 
between  analytical  and  experimental  results 


model  shown  in  Fig.6  is  effective  for  the 
prediction  of  mechanical  behaviors  of  FRP 
cylindrical  tubes  with  any  fiber  orientation 
angles. 


Fig.8  Finished  FRP  baseball  bat 


Figure  8  shows  the  designed  FRP 
regulation  baseball  bats.  From  the  current 
research,  it  was  found  that  impact  feeling 
depended  on  the  bending  stiffness.  In  case  of 
the  application  of  FRP  to  the  baseball  bat 
designing,  various  properties  can  be 
produced.  For  example,  high  restitution  with 
soft  impact  feeling,  wide  sweet  spot  for  hard 
impact  and  so  on  can  be  easily  designed. 

Conclusions 

As  the  designing  example  of  FRP  related 
products,  the  designing  process  of  the 
regulation  baseball  bat  was  described.  In  this 
designing,  it  was  found  that  the  lateral 
compressive  and  flexural  stiffness  made 
influences  on  the  restitution  property  and  the 
feeling  at  the  impact,  respectively.  This  is  a 
representative  application  example  of 
advantages  in  FRP,  orthotropicity  and 
tailoring. 
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Abstract 

The  stress  wave  propagation 
behaviors  in  unidirectional  GFRP  laminates 
are  experimentally  investigated.  A  simple 
technique  has  been  developed  in  order  to 
obtain  the  time  history  of  stress  wave.  The 
calculated  stress  wave  velocity  is  compared 
with  the  theoretical  value.  Results  show  that 
the  experimental  value  is  in  a  good 
agreement  with  the  theoretical  value.  The 
effects  of  initial  stress  on  wave  propagation 
behaviors  are  also  discussed.  It  is 
demonstrated  that  wave  velocity  increases 
with  increasing  of  initial  tensile  stress. 
However,  the  increasing  rate  is  affected  by 
the  induced  wavelength. 

Key  Words:  Wave  propagation,  GFRP, 
Initial  stress,  Dispersion. 

Introduction 

Generally  speaking,  dynamic 
response  is  the  most  dominant  property  in  the 
practical  designing.  Stress  wave,  which  is 
induced  by  impact  load,  makes  a  great 
influence  on  dynamic  response  of  FRP 
structure.  Therefore,  evaluating  the  wave 
propagation  behavior  has  been  one  of  the 
great  interests  for  a  long  time. 

A  number  of  experimental  and  analytical 
approaches  have  been  performed  in  order  to 
clarify  the  above  problems  (,M3).  However, 
these  research  activities  have  met  with 


limited  success  for  practical  designing,  since 
the  analytical  models  are  assumed  to  be 
infinite,  and  boundary  conditions  and/or 
initial  conditions  are  ignored.  In  order  to 
design  the  FRP  structure  more  practically, 
considering  these  conditions  are  obviously 
important. 

The  purpose  of  this  present  paper  is  to 
evaluate  the  wave  propagation  behavior 
under  various  initial  loading  and  boundary 
conditions.  First,  the  wave  velocity  measured 
is  compared  with  the  theoretical  vale  in  order 
to  check  the  validity  of  the  proposed 
experimental  technique.  Then,  the  effect  of 
initial  tensile  stress  upon  the  wave  velocity  is 
investigated  experimentally.  Finally,  the 
dependencies  of  specimen  thickness  and 
length  upon  wave  velocity  are  discussed. 

Experiment 

Specimen 

Unidirectional  GFRP  laminates  (volume 
fraction  of  fibers  Vf=  62%,  fiber  orientation 
0=Odeg.)  were  used.  The  specimens  were  cut, 
^bOmmx^Ommx'l.Smm,  as  shown  Fig.l. 
For  evaluating  the  wave  propagation 
behavior,  strain  gages  (KSN-2-120-E5-11) 
are  located  at  specimen  surface,  where  the 
word  “Gage  IF”  and  “Gage  2F"  denote  the 
front  surface  gages,  and  “Gage  IB”  and  Gage 
2B”  indicate  the  back  ones.  Mechanical 
properties  of  specimen  are  listed  in  Table  1. 
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Fig.l  Geometry  of  specimen  used  in  this  study 


Table  I  Mechanical  properties  of  specimen 

Young’s  Modulus  El,  Et 

46.3  GPa,  15.8GPa 

Shearing  Modulus  GLT 

17.5  GPa 

Poisson’s  ratio  vlt 

0.33 

Fiber  volume  fraction  Vf 

62.3  % 

Experimental  Procedure 
The  overall  set  up  of  experimental  system  is 
shown  in  Fig. 2.  In  this  system,  impact  load 
was  transversely  applied  at  the  centerline  of 
specimen  by  swinging  the  cylindrical  bar, 
steel  bar  (diameter  d=10mm).  Namely,  the 
specimen  was  subjected  to  the  line  impact.  It 
is  noted  that  both  the  ends  of  specimen 
clumped.  The  swing  angle,  q,  between  steel 
bar  and  specimen  is  0=30  deg  in  this  study, 
the  impact  velocity  is  1.11  m/sec. 

The  data  obtained  from  this  experiment  is 
constructed  by  the  time  history  of  strain  after 
impact.  The  strain  value  is  derived  from  the 
strain  gage  on  specimen  surface.  The 
sampling  time  for  strain  gages  is  lfisec. 


Fig.2  A  schematic  illustration  of  measurement 


Results 

Typical  examples  of  strain  gage 
outputs  with  various  gage  layouts  are  given 
in  the  following  remarks. 


Gage  layout  (a) 

In  gage  layout  (a),  four  single  strain  gages  are 
located  at  the  front  and  back  surfaces  of  the 
plate.  The  gage  positions,  L,  and  L:,  are 
40mm  and  60mm,  respectively.  Typical 
examples  of  strain  gage  outputs  along  fiber 
direction  are  shown  in  Fig.  3.  The  waveforms 
obtained  from  the  front  and  back  surface 
gages  are  seen  to  be  almost  symmetric  at  the 
same  station  (Gages  IF  and  IB,  or  2F  and 
2B).  This  symmetric  behavior  implies  that 
the  transverse  flexural  wave  appears  as  the 
predominant  wave  system 


Gage  layout  (b) 

In  gage  layout  (b),  two  single  strain  gages  are 
located  at  the  front  surface  only,  which 
L1F=40mm  and  L;F=41mm.  Figure  4  shows 
the  typical  time  histories  of  obtained  strain. 


Fig.4  Time  series  of  strain  -  gage  layout  (b) 


436 


In  this  study,  wave  velocity  can  be  calculated 
from  the  following  equation, 


where  AT  denotes  the  time  interval  of  wave 
peaks  propagating  from  Gage  IF  to  2F.  The 
average  wave  velocities,  V,b  and  V2b, 
measured  from  AT,  and  AT2  in  Fig.4  are 
respectively. 


Vlb  =  727.89  m/sec 
V2b  =  409.71  m/sec 

The  theoretical  wave  velocity  can  be 
calculated  by (4), 


.  £o_ 
'  2e 


1  +  e  +— 


Kzkz 


±,  II 1  +e  +  - 


K2k: 


(2) 

where  c0,  K  and  8  are  material  constants  and  k 
is  wavelength. 

The  corresponding  theoretical  value  obtained 
using  the  above  equation  (2)  are, 


Vjbtheojy 

V2bthoeiy 


=  746.19  m/sec 
=  405.92  m/sec. 


The  measured  values  are  a  good  agreement 
with  that  from  calculated  ones. 


Gage  layout  (c) 

In  gage  layout  (c),  two  single  strain  gages  are 
located  at  the  front  surface  as  well  as  gage 
layout  (b),  where  L1F=60mm  and  L2F=61mm. 
Typical  time  history  of  longitudinal  strain  are 
shown  as  Fig.  5.  The  important  point  to  note 
is  that  the  waveform  is  completely  different 
from  that  of  gage  layout  (b).  Namely,  the 
waveform  disperses  as  propagating. 

The  comparison  of  measured  and  calculated 
wave  velocity  Vlc  is: 


Vlc  =  443.27  m/sec 
Vlcthaery  =  474.70  m/sec. 


These  values  appear  to  agree  well. 


Fig. 5  Time  series  of  strain  -  gage  layout  (c) 


Discussion 

Initial  stress  dependency  on  wave  velocity 
In  order  to  investigate  the  effect  of  initial 
stress,  the  wave  velocity  was  measured  under 
the  various  tensile  loading  conditions.  In  this 
section,  two  types  of  gage  layout,  gage  layout 
(b)  and  gage  layout  (c),  are  adopted  for 
measuring  the  wave  velocity.  The  measured 
wave  velocities  plotted  against  the  applied 
tensile  stress  are  shown  in  Fig.  5. 

As  clearly  shown  in  this  Figure,  wave 
velocity  Vlb  is  seen  to  be  almost  constant 
with  increasing  of  tensile  stress.  On  the  other 
hand,  wave  velocity  Vlc  increases  with 
increasing  of  the  applied  stress. 


Fig.  5  The  intial  tensile  stress  dependency  upon 
wave  velocity  V, 
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The  most  important  point  to  note  is  that  the 
increasing  rate  of  wave  velocity  is  obviously 
different.  This  result  implies  that  the 
waveform,  which  is  determined  by 
wavelength,  amplitude  and  frequency,  makes 
a  great  influence  of  initial  stress  dependency 
upon  wave  velocity. 

The  effect  of  specimen  thickness  on  wave 
velocity 

Figure  6  shows  the  comparison  of  strain  gage 
outputs  of  L|F=40mm  with  various  specimen 
thickness.  It  is  clear  that  waveform  change 
with  changing  of  specimen  thickness.  Stress 
wave  velocity  V2b  was  measured  from 
t=1.0mm,  1.5mm,  3.0mm  and  5.0mm. 


Fig.6  Time  series  of  strain  with  vanAious  spcciomcn 
thickness  t  mm 


Table  2  shows  the  comparisons  of  wave 
velocity  V2  with  various  specimen  thickness. 
The  result  demonstrates  that  the  wave 
velocity  increases  with  increasing  the 
specimen  thickness.  Judging  from  this  result, 
specimen  thickness  makes  a  great  influence 
of  wave  velocity. 


Tabic  2  The  comparison  of  V2  with  various  thickness 


t  mm 

t— 1 .0 

t=1.5 

1=3.0 

t=5.0 

V2  m/sec 

329.4 

409.7 

884.9 

1387.9 

The  effect  of  specimen  length  on  wave 
velocity 

Time  histories  of  strain  gage  output  with 
various  specimen  length  are  shown  as  Fig. 7. 
The  traces  of  the  surface  gage  are  seen  to  be 
almost  same  in  shape.  It  is  concluded  that  the 
wave  velocity  is  independent  of  specimen 
length.  However,  it  is  noted  that  the 
reflection  waves  arrives  faster  in  case  that 
specimen  length  is  getting  shorter. 


Fig. 7  Time  scries  of  strain  with  vam\ions  spcciomcn 
thickness 


Conclusions 

(1)  Stress  wave  velocity  was  measured  by 
using  the  simple  technique. 

(2)  Wave  velocity  increase  with  increasing  of 
initial  tensile  stress.  However,  the  increasing 
rate  is  dependent  on  wavelength. 

(3)  Specimen  thickness  makes  a  great 
influence  of  wave  velocity.  On  the  other 
hand,  wave  velocity  is  almost  independent  on 
specimen  length. 
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Abstract 

The  purpose  of  this  study  was  the 
development  a  foot  joint  skeletal  model  using 
the  finite  element  method  for  the  analysis  of 
physical  exercise,  sports  injury  and  footwear 
design.  The  basic  shape  of  the  finite  element 
foot  joint  model  was  described  using  a 
commercial  foot  skeletal  model  for  computer 
graphics  and  anatomical  data,  and  the  solid 
model  was  defined  after  simplifying  that 
model. In  the  vertical  drop  test  simulation,  the 
contact  time  of  the  foot  model  and  the  floor 
model  was  about  22  ms,  and  the  vertical  peak 
force  was  about  8400  N  for  the  model  weight 
of  60  kg.  It  seems  that  a  good  approximation 
is  acquired  when  comparing  the  actual  ones 
with  that  values  in  the  experiment  [5].  It  was 
observed  that  the  highly  stressed  regions 
were  the  metatarsals,  the  navicular  and  the 
calcaneus  in  both  the  linear  static  analysis 
and  dynamic  transient  analysis. 

Key  Words:  Finite  Element,  Foot,  Sport. 

Introduction 

The  understanding  of  the  impact 
mechanics  during  human  motion  is  important 
for  research  within  the  fields  of  motion 
analysis  and  footwear  design.  Many 
fundamental  and  applied  human  motions  are 


influenced  by  complex  deformations, 
internal  stresses  and  the  shock  wave  of  the 
foot  skeletal  system.  It  is  difficult  to  directly 
measure  the  internal  stresses  and  shock  wave 
in  vivo.  However,  these  stresses  and  shock 
wave  can  be  predicted  using  a  mathematical 
or  numerical  model  of  the  foot  skeleton.  The 
purpose  of  this  study  was  the  development  a 
foot  joint  skeletal  model  using  the  finite 
element  method  for  the  analysis  of  physical 
exercise,  sports  injury  and  footwear  design. 
Several  researchers  reported  some  studies 
about  a  foot  joint  skeletal  model  used  for 
stress  analysis  using  2D  or  3D  finite  element 
method  [1],  The  stress  distribution  in  the  foot 
depends  on  the  geometry  and  structure  of  the 
foot  model.  Hence,  it  is  necessary  to  model 
the  foot  in  all  the  three  dimensions  in  order  to 
provide  a  more  realistic  representation.  The 
majority  of  finite  element  problems  uses 
implicit  methods  to  carry  out  a  linear  static 
analysis  and  a  transient  analysis.  Static 
problems  can  be  usually  analyzed 
quasi-statically,  but  the  technique  is  only  cost 
effective  if  the  problem  incorporates 
significant  nonlinearities.  The  time  step  of 
the  implicit  analysis  must  subdivide  the 
shortest  natural  period  of  interest  in  the 
structure,  but  that  of  explicit  analysis  must 
subdivide  the  shortest  natural  period  of  the 
mesh.  Therefore,  in  this  study,  the  linear 
static  analysis  was  used  for  the  implicit  time 
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integration  code,  and  the  dynamic  transient 
analysis  was  used  for  the  explicit  time 
integration  code. 


Methods 

The  basic  shape  of  the  finite  element 
foot  joint  model  was  described  using  a 
commercial  foot  skeletal  model  for  computer 
graphics  and  anatomical  data,  and  the  solid 
model  was  defined  after  simplifying  that 
model  (Fig.  1).  The  axis  system  of  the  model 
is  chosen  such  that,  with  respect  to  the  foot, 
the  X-axis  is  horizontal  and  in  the 
external-internal  direction,  the  Y-axis  is 
vertical  along  the  tibia  pointing  in  the  upward 
direction  and  the  Z-axis  completes  the 
right-handed  rectangular  coordinate  system 

(Fig.  2). 


Foot  skeletal  model 


Fig.l  Structure  of  a  foot-joint  model 


[Proximal] 


Fig.2  Configuration  of  foot-joint  model 


The  hard  tissue  parts  of  this  foot 
model  consisted  of  23  bone  models  such  as 
the  calcaneus,  matatarsal,  etc.,  and  the  soft 
tissue  parts  that  were  modeled  consisted  of 
15  joint  models  such  as  the  talocalcanean 
(subtalar)  joint,  calcaneocuboid  joint,  etc. 
The  ligaments  and  retinacula  were  not 
geometrically  represented,  consequently,  the 
stiffness  of  the  soft  tissue  parts  were 
estimated  including  the  function  of  the 
ligaments  and  retinacula.  The  finite  element 
meshes  were  made  from  the  solid  model 
using  a  commercial  pre-post  processor 
(MSC.Patran),  and  the  linear  static  analysis 
was  solved  using  an  implicit  FEM  code 
(MSC.Nastran).  More  over,  the  dynamic 
transient  analysis  was  performed  using  an 
explicit  FEM  code  (MSC.Dytran).  As 
material  properties,  the  Young  modulus  of 
the  hard  tissue  of  the  finite  element  foot  joint 
model  was  7.3  KPa,  and  Poisson  ratio  was 
0.3  [2].  The  Young  modulus  of  the  soft  tissue 
was  defined  for  5  cases  from  1  Pa  to  5  Pa  at 
intervals  of  1  Pa  in  the  linear  static  analysis. 
As  the  boundary  condition,  a  vertical  load  of 
300  N  was  defined  on  the  trochlear  surface  of 
the  talus.  The  bottom  of  the  calcaneus  and  the 
head  of  the  matatarsal  were  constrained  (Fig. 

3). 


Boundary  condition 


The  tranverse  talsal  joint 
(the  Chopart  joint)  ■. 


300  N 


The  tarsometatarsal  joint 
(the  I.isfranc  joint  )  ... 


••C.VtV 


0  sSj-y  lv<  ;; 


Fig.  3  Boundary  condition  of  liner  static 
analysis 

For  the  dynamic  transient  analysis, 
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the  Young  modulus  of  the  soft  tissue  was 
defined  by  higher  values,  and  added  mass 
including  the  muscles,  retinacula,  skin,  etc 
(Table  1).  The  initial  vertical  velocity  at 
impact  was  -1.0  m/s  (Fig.  4).  The  initial 
rotational  velocity  were  0  rad/s  and  8.7  rad/s. 


Fig.4  Vertical  drop  test  in  transient 
analysis 


Table  1  Material  properties  on  the 
transient  dynamic  analysis 


Parts 

Young’s 

Poison  ratio 

Hard  Tissue 

7300  MPa 

0.3 

Soft  Tissue 

1000  MPa 

0.4 

Ankle  Joint 

10000 

0.4 

Fibula 

73000 

0.3 

Plantar 

1500  MPa 

0.4 

Ground 

61  MPa 

0.3 

Results  and  Discussions 


In  the  experiment  using  a  cadaver 
foot,  the  displacement  of  the  inside  arch 
height  by  a  vertical  load  (300N)  was  2.90 
mm,  while  the  same  result  for  Case  4  of  this 
study  was  2.70  mm.  The  plantar  flexion 
angle  of  the  calcaneus  of  the  cadaver  was  1.8 
deg.  while  that  for  Case  4  was  3.0  deg.  It 
seems  that,  in  this  simulation  model,  the 
stiffness  of  the  soft  tissue  is  slightly  lower 
than  that  of  a  real  human  foot  (cadaver).  It  is 
considered  that  the  motion  pattern  of  the  foot 
model  during  vertical  loading  is  qualitatively 
similar  to  that  of  the  experiment  (Fig.  5). 


Fig.5  Stress  contours  on  deformed  shape 

in  Case  5 

In  the  vertical  drop  test  simulation, 
the  contact  time  of  the  foot  model  and  the 
floor  model  was  approximately  22  ms,  and 
the  vertical  peak  force  approximately  8400  N 
(for  the  model  weight  of  60  kg)  suggesting 
that  the  experiment  represents  a  good 
approximation  of  real  life  [5].  However,  the 
vertical  peak  force  for  this  boundary 
condition  was  much  higher  than  that  reported 
for  real  human  running  [3,  4]. 

The  vertical  peak  force  of  translation 
with  an  inclined  initial  position  (0.26  rad) 
was  lower  than  that  for  an  upright  initial 
position  (0  rad).  Also,  the  vertical  peak  force 
associated  with  translation  and  rotation  with 
an  inclined  initial  position  (-1.0  m/s  and  8.7 
rad/s)  was  lower  than  that  of  translation  alone 
(-1 .0  m/s  and  0  rad/s).  It  seems  that,  in  this 
simulation,  rotational  motion  of  the  foot  and 
leg  reduces  the  vertical  peak  force  at  impact 
(Table  2).  It  was  observed  that  in  both  the 
linear  static  analysis  and  dynamic  transient 
analysis,  the  highly  stressed  regions  were  the 
metatarsals,  the  navicular  and  the  calcaneus 
(Fig.  6-8). 

Conclusions 

The  finite  element  foot  model  of  this 
study  had  simple  structure  and  material 
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Fig.6  An  example  of  the  stress  contour  on 
the  deformed  shape  at  0  ms  in  the 
transient  analysis 


Fig.7  An  example  of  the  stress  contour  on 
the  deformed  shape  at  30  ms  in  the 
transient  analysis 


Fig.8  An  example  of  the  stress  contour  on 
the  deformed  shape  at  60  ms  in  the 
tr  ansient  analysis 


properties.  In  the  comparison  the  vertical 
contact  force  and  contact  time  of  experiment 
with  that  of  simulation,  it  seemed  that  good 
agreement  was  obtained.  It  is  considered  that 
the  highly  stressed  regions  were  the 
metatarsals,  the  navicular  and  the  calcaneus. 


-  DroptitrvIgM) 

-  Drop<*dg«l 


Fig.9  Vertical  force  in  transient  analysis 

Table  2  Initial  condition  and  vertical  peak 
force  in  transient  analysis 


Initial 

Trans. 

Rotat. 

Peak 

position 

velocity 

velocity 

force 

(rad.) 

(tn/s) 

(rad/s) 

(N) 

Transient  1 

0.0 

-1.0 

0.0 

8322 

Transient  2 

0.26 

-1.0 

0.0 

6108 

Transient  3 

0.26 

-1.0 

8.7 

1385 
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Abstract 

The  ability  to  kick  the  ball  with 
both  legs  is  regarded  as  a  desirable  skill  in 
soccer  players.  However,  most  data  related 
to  maximal  soccer  kick  demonstrated  the 
kinetic  aspects  only  for  the  dominant  side. 
This  study  investigated  the  asymmetrical 
aspects  through  a  comparison  of  kinetic 
parameters  between  the  dominant  and 
non-dominant  legs.  Five  male  Brazilian 
U-17  players  were  volunteered.  Three 
high-speed  video  cameras  recorded  the 
kicking  motion  of  both  legs  at  200  Hz.  A 
three-link  kinetic  chain  was  used  to  compute 
torques  due  to  musculature  and 
motion-depended  interaction.  A  remarkable 
difference  was  found  between  the  two  legs 
for  the  interaction  torque  occurred  at  the 
knee  joint.  The  interaction  torque  of  the 
dominant  leg  particularly  contributed  to  the 
knee  extension  motion  whereas  that  of  the 
non-dominant  leg  was  small  enough  to  be 
negligible.  These  results  suggest  the 
interaction  torque  is  a  substantial  source  to 
increase  the  knee  extension  angular  velocity 
of  the  dominant  leg  during  maximal  soccer 
kick. 

Key  Words:  soccer  kick,  kinetics,  dominant 
leg,  non-dominant  leg 


Introduction 

The  most  successful  players  shot 
for  goal  with  both  left  and  right  feet  during 
high-level  competition  including  World  Cup 
(Starosta,  1988).  Thus,  the  ability  to  kick  the 
ball  with  both  legs  is  regarded  as  a  desirable 
skill  in  soccer.  Although  several  studies  have 
found  no  difference  for  the  muscle  strength 
between  both  legs,  Mclean  &  Tumilty 
(1993)  and  Barfield  (1995)  showed  a  faster 
ball  speed  could  be  generated  by  dominant 
leg  than  non-dominant  leg.  This  may 
attribute  to  some  asymmetry  of  the  leg 
motion  during  kicking.  To  understand  how 
the  asymmetry  is  produced,  its  kinetic 
aspects  were  investigated  using  a 
three-dimensional  video  analysis  technique. 

Methods 

Informed  consent  was  obtained 
from  five  male  Brazilian  U-17  club  players 
(height  =  176.2  ±  6.1  cm;  mass  =  70.6  ±  7.2 
kg;  career  =  9.6  ±  0.5  yrs)  who  volunteered 
to  participate  in  this  study.  Their  dominant 
leg  was  right.  After  a  short  period  of 
warm-up,  they  were  instructed  to  perform 
maximal  instep  kicks  with  both  legs  to  the 
center  of  goal,  which  was  located  at  a 
distance  of  11  m  in  front  of  them.  Three 
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electrically  synchronized  high-speed  video 
cameras  (NAC  Inc.,  Tokyo,  Japan)  were 
used  to  sample  the  kicking  motion  at  200  fps 
(shutter  speed  was  1/2000  s). 

Of  three  trials,  the  one  trial  in 
which  the  ball  contacted  closest  to  the  center 
of  goal  was  analyzed.  A  digitizing  system 
(DKH  Inc.,  Tokyo,  Japan)  was  used  to 
manually  digitize  anatomical  body 
landmarks  including:  right  and  left  shoulders, 
hips,  knees,  ankles,  heels  and  toes.  The 
center  of  the  ball  was  also  digitized  in  its 
initial  stationary  position  and  in  all  the 
available  frames  after  it  left  the  foot.  The 
direct  linear  transformation  (DLT)  method 
was  used  to  obtain  the  3-D  coordinates  of 
each  landmark.  The  performance  area  (1.5  X 
1.5  X  1.8m)  was  calibrated  with  a  net  root 
mean  square  error  of  5  mm. 

According  to  a  procedure  described 
by  Feltner  and  Dapena  (1989),  the  kicking 
leg  was  modeled  as  a  three-link  kinetic  chain 
composed  of  the  thigh,  shank  and  foot  to 
compute  torques  due  to  musculature  and 
motion-depended  interaction.  Segment  mass, 
center  of  the  mass  location  and  moment 
inertial  values  were  derived  from  the  data  of 
young  living  athletes  (Ae,  1996),  which 
would  be  more  appropriate  for  the  subjects 
in  the  present  study. 

Both  torques  and  angular  velocities 
were  separated  into  orthogonal  components 
using  unit  vectors  included  in 
anatomically-relevant  references  frames  (Fig. 
1).  Hip  torque  and  angular  velocity  vectors 
were  separated  into  three  components: 
adduction  (+XAH)/abduction  (-XAh),  flexion 
(+ Y  An)/extension  (-YAh)  and  external 
rotation  (+ZAH)/intemal  rotation  (-ZAH). 
Knee  torque  and  angular  velocity  vectors 
were  separated  into  two  components: 
extension  (+XjcA)/flexion  (-Xio\)  and 


external  rotation  (+ZKA)/intemal  rotation 
(-ZKA).  Ankle  torque  and  angular  velocity 
vectors  were  separated  into  two  components: 
dorsi-(+YAA)/plantar-flexion  (-YAA)  and 
inversion  (+ZAA)/eversion  (-ZAA). 


Fig.  1  Right-hand  orthogonal  reference 
frames  fixed  on  each  joint  center. 

The  impact  of  the  foot  with  the  ball 
produces  a  sudden  deceleration  of  the 
kicking  leg,  which  causes  a  serious 
distortion  of  the  kinetic  data  near  impact.  To 
avoid  such  systematic  errors,  the 
time-dependent  coordinate  data  were 
digitally  smoothed  in  a  forward  order 
(toward  the  impact)  by  a  second-order 
Butterworth  low-pass  filter  at  12.5  Hz. 

Although  this  smoothing  procedure 
may  have  minimized  the  risk  of  systematic 
errors  stemming  from  impact,  the  reverse 
order  filtering  to  eliminate  phase  distortion 
was  canceled,  thereby  making  the  data  prone 
to  phase  distortion. 

Results 


444 


Torque  due  to  musculature 


Non-dominant 


Dominant  mmmmm  Torque  due  to  interaction 


Torque  (Nm)  Angular  V  (rad/s)Torque  (Nm)  «>  Angular  Velocily 


Time  (%)  Time(%) 

Fig.  2  Changes  of  torques  due  to  musculature  and  motion-depended  interaction  and 
angular  velocity  of  a  typical  subject  for  knee  extension  (+)/flexion  (-). 


Non-dominant 

Torque  (Nm) 


Dominant 

Angular  V  (rad/s)Torque  (Nm) 


Torque  due  to  musculature 
■»  Angular  Velocity 


Amgular  V  (rad/s) 


Time  (%)  Time(%) 

Fig.  3  Changes  of  torques  due  to  musculature  and  angular  velocity  of  a  typical  subject 
for  hip  flexion  (+)/extension  (-). 


The  average  ball  velocities  of  the 
dominant  and  non-dominant  legs  were  31.8 
±  2.6  m/s  and  26.5  ±1.6  m/s,  respectively. 
The  initial  ball  velocity  of  the  dominant  leg 
was  significantly  (p<  .01)  faster  than  that  of 
the  non-dominant  leg. 

Fig.  2  and  3  show  the  changes  of 
torques  and  angular  velocities  of  a  typical 
subject  for  the  knee  extension  (+)/  flexion 


(-)  and  hip  flexion  (+)/extension  (-).  In  all 
graphs,  analyzed  portion  was  started  from 
toe-off  of  the  kicking  leg  which 
corresponding  0  %  of  the  time  and  ended 
ball  impact  which  corresponding  100  %. 

As  shown  in  Fig.  2,  although  the 
knee  extension  torque  due  to  the 
musculature  was  dominant  in  both  legs,  its 
peak  and  integrated  values  (angular  impulse) 
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were  quite  larger  in  the  dominant  leg  than  in 
the  non-dominant  leg.  The  peak  value  of  the 
knee  extension  angular  velocity  was  also 
quite  larger  in  the  dominant  leg  than  in  the 
non-dominant  leg.  A  remarkable  difference 
was  observed  between  the  two  legs  for  the 
changes  of  torque  due  to  motion-depended 
interaction.  The  interaction  torque  in  the 
dominant  leg  tended  to  angularly  accelerate 
the  knee  to  the  positive  direction  (extension) 
close  to  ball  impact.  In  contrast,  the 
magnitude  of  the  interaction  torque  in  the 
non-dominant  leg  was  small  enough  to  be 
negligible. 

As  shown  in  Fig.  3,  although  the 
hip  flexion  torque  due  to  the  musculature 
was  dominant  in  both  legs  throughout  the 
kicking,  its  angular  impulse  was  slightly 
larger  in  the  non-dominant  leg  than  in  the 
dominant  leg  that  resulted  in  somewhat 
larger  flexion  angular  velocity  of  the  hip  in 
the  non-dominant  leg. 

Discussion 

A  proximal  to  distal  sequence  of 
segment  motions  has  been  recognized  in 
kicking  motions.  In  the  present  study,  the 
sequential  pattern  of  motion  was  confirmed 
in  both  legs.  However,  the  knee  extension 
angular  velocity  was  quite  lager  in  the 
dominant  leg,  which  accounts  for  the  lager 
ball  velocity  generated  by  the  dominant  leg. 

Putnam  (1991)  showed  a 
substantial  influence  of  the  interaction 
torque  during  a  punt  kick  by  showing  the 
interaction  torque  always  tended  to  angularly 
accelerate  the  distal  segment  in  the  positive 
direction  as  long  as  the  proximal  segment  is 
rotating  and  the  knee  is  not  hyper-extended. 
In  the  dominant  leg,  besides  the  larger 
magnitude  of  the  musculature  torque  and  its 
angular  impulse,  the  interaction  torque 


angularly  accelerated  the  knee  to  the  positive 
direction  (extension)  close  to  ball  impact; 
thereby  partially  support  the  results  of 
Putman  (1991). 

In  contrast,  the  interaction  torque 
did  not  act  to  assist  the  angular  acceleration 
of  the  knee  in  the  non-dominant  leg.  As  the 
motion  of  the  proximal  segment  indirectly 
affect  the  interaction  torque,  the  larger  hip 
flexion  angular  velocity  observed  in  the 
non-dominant  leg  may  disturb  the  effective 
function  of  the  interaction  torque  on  the 
knee  extension  motion. 

Conclusions 

The  present  study  clarified  several 
aspects  of  asymmetry  in  soccer  maximal 
kick.  The  torque  due  to  motion-depended 
interaction  is  a  substantial  source  to  increase 
the  knee  extension  angular  velocity  in  the 
dominant  leg  during  kicking. 
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Abstract 

In  most  movements  of  ball  games,  it  is 
important  to  increase  the  swing  speed  at  the 
ball  impact.  The  purpose  of  this  study  is  to 
investigate  the  relationship  between  the 
vertical  movement  of  rotational  axis  of  the 
swing  and  swing  speed  on  the  swing 
movements.  To  examine  the  relationship,  an 
experiment  and  computer  simulation  in 
terms  of  Instep  Kick  in  soccer  was  carried 
out.  The  results  were  as  follows. 

1 .  Experts  were  founded  to  lift  the  rotational 
axis  of  the  swing  leg  to  a  greater  degree 
than  novices. 

2.  Computer  simulations  of  the  swing  leg 
developed  by  combining  data  of  torque 
patterns  data  of  the  thigh  and  the  leg  from 
the  novices  with  kinematic  data  of  the 
trochanter  major  from  the  expert  group 
resulted  in  a  slight  increase  in  swing 
speed.  When  just  the  kinematic  data  from 
the  most  accomplished  expert  alone  was 
used,  a  remarkable  increase  in  swing 
speed  was  seen. 

These  results  suggest  the  movement 
pattern  such  as  lifting  the  rotational  axis  of 
the  swing  leg  was  useful  in  increasing  the 
swing  speed. 

Introduction 

In  soccer,  it  is  important  to  strike  the  ball 
accurately  and  quickly.  To  achieve  this 
soccer  player  often  use  the  Instep  Kick. 
Generally,  in  order  to  kick  the  ball  harder, 
the  greater  foot  velocity  needed.  Ohta  3) 
reported  experts  swung  their  swing  leg  faster 


with  upward  velocity  of  center  of  gravity 
faster  in  an  experiment  comparing  the  Instep 
Kick  of  novices  and  experts.  Accordingly, 
we  hypothesized  that  experts  would  lift  the 
rotational  axis  of  their  swing  leg  (trochanter 
major)  faster  than  would  novices,  and  the 
movement  of  lifting  the  rotational  axis 
would  contribute  to  increase  the  swing  speed. 
The  first  purpose  of  this  study  is  to  examine 
this  hypothesis  by  comparing  the  Instep 
Kick  skill  of  a  novice  group  to  an  expert 
group.  The  second  purpose  of  the  study  is  to 
examine  the  relationship  between  the 
movement  of  rotational  axis  and  swing 
velocity  of  the  foot  in  the  Instep  Kick.  Then, 
computer  simulation  of  the  swing  leg 
performed  by  using  torque  data  of  the  thigh 
and  the  leg  from  each  novice  and  kinematic 
data  of  the  rotational  axis  from  experts  was 
used  to  examine  whether  the  swing  velocity 
of  each  novice  was  improved  by  these 
simulations. 

Experiment 

The  subjects  were  18  male  expert  soccer 
players  who  had  played  for  at  least  7  years, 
and  8  male  novice  players.  The  Instep  Kick 
of  each  subject  was  recorded  by  high-  speed 
video  camera  (250Hz)  from  a  sagittal  plane. 
Each  body  landmark  was  translated  to 
coordinates  on  a  computer,  from  which  the 
kinematic  data  of  the  hip  and  the  knee  joints 
of  the  swing  leg  were  obtained  by  using  the 
"Mathematica  Ver.3.0"  program.  The 
dynamical  parameter  was  that  of  Chandler  et 
al  1).  The  period  of  time  from  the  landing  of 
pivot  foot  to  the  ball  impact  of  the  swing  leg 
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was  used  as  swing  phase. 

Results  of  experiment 

Figure  1  illustrates  the  means  for  the 
horizontal  and  vertical  displacements  of  the 
trochanter  major  for  the  novice  group  and 
the  expert  group.  Time  bases  were 
normalized  to  100%  of  the  swing  phase. 

The  horizontal  displacement  of  experts' 
data  was  slightly  greater  than  that  of 
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Fig.  1  Displacement  of  rotational  axis  on  expert 
and  novice  group 
Above:  Holizontal  component 
Below:  Vertical  component 

novices’.  But  the  shape  of  the  graph  was 
similar.  In  contrast,  a  remarkable  difference 
was  seen  between  the  novices'  and  experts' 
vertical  displacement.  The  characteristic  of 
the  novices'  pattern  is  a  continuous  descent 
of  trochanter  major  to  a  point  of  80  percent 
of  the  whole  movement  time,  followed  by  a 
slight  ascent.  On  the  other  hand,  experts' 


descent  of  the  trochanter  major  stopped  at 
the  30  percent  of  whole  movement  time 
point,  where  it  remained  for  a  while, 
followed  by  an  ascent  from  the  50  percent  of 
whole  movement  time  point. 

Figure  2  illustrates  the  mean  horizontal 
and  vertical  velocity  of  trochanter  major  of 
novices  and  experts.  The  horizontal  velocity 
of  experts  was  slightly  faster  than  novices’. 

•A  A  1 

Velocity  { m/s) 


Fig.  2  Velocity  of  rotational  axis  on  expert  and  novice  group 
Above:  Holizontal  component 
Below:  Vertical  component 

The  vertical  velocity  of  both  subjects 
showed  deceleration  from  the  landing  point 
for  a  while.  But  experts  showed  an  increase 
in  velocity  from  the  early  part  of  the  swing 
phase  to  the  latter  phase. 

These  results  indicate  that  the  experts 
compared  with  novices  lifted  their  rotational 
axis  from  the  middle  phase  of  the  forward 
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swing  in  the  Instep  Kick. 

Simulation 

Figure  3  shows  a  model  of  the  Instep 
Kick  and  the  equation  of  motion  built  by  the 
model.  This  model  consists  of  segment 
representing  thigh  and  combined  shank  with 
foot,  and  representing  each  torque  is 
assumed  to  be  generated  on  the  hip  joint  and 


.in  :X  coordinate  of  center  of  gravity 
Vi : Y  coordinate  of  center  of  gravity 

Cay  :X  coordinate  of  rotational  axis 
w:Y  coordinate  of  rotational  axis 
/n.:Mass 

Fxt  Joint  reaction  force  of  x 
Fyi  Joint  reaction  force  of  y 
Ti  :Mucle  torque 
k:Segment  length 
/<: Length  from  head  of  segment  to 
center  of  gravity 

n  :Lenglh  from  end  of  segment  to 
center  of  gravity 
: Angle  of  segmen 


in,  .ii  =  Fm  -  Fxi  - 1  (  Fxu  *  0) 

tin  y,  =  Fyi  -  Fyt  - 1  -  nig  ( Fyo  =  0) 

/i-ft  =  Fxi  - 1  r/- 1  cos  ft  +  Fyi  - 1  ■  n  - 1  sin  ft 
+Fxi  //  cosft  +  Fyi  ■  fc  ■  sin  ft  +  7)  —  7)  - 1 
(ro  =  0) 


all  subjects  (simulation2).  Figure  4(Above) 
shows  the  displacement  and  velocity  of 
jiorizontal  and  vertical  axis  on  the  rotational 
axis,  which  is  used  for  two  simulations.  The 
initial  angle  value  and  angular  velocity  for 
each  segment  of  each  novice  subjects  was 
used,  and  the  motion  of  equation  were 
solved  numerically  by  these  initial 


Vcrtica!  tin  Simulation? 


( m/s) 


%  of  swing  phase 


,r;  =  -L,  *  i  •  sin  ft » i  -  -  sin  ft  +  ay 
y,  =  Li  <  i  ■  cos  ft  ♦  i  +  /;  •  cos  ft  +  \v 

(L3  =  0) 

Fig.3  Swing  model  for  simulation  and  equation  of  motion 


Fig.4  Above:  Displacement  of  rotational  axis  for  actual  swing 
of  Subject  B.K.and  used  in  Simulation  I  and  2 
Below:  Linear  velocity  of  foot  on  actual  swing  (Subject  B.K) 
and  Calculated  by  each  simulation 


knee  joint. 

There  are  two  input  values  for  this 
simulation.  One  is  for  muscle  torque  of 
novice  subjects  exerted  on  the  hip  and  knee 
joints,  and  the  other  is  kinematic  data  on  the 
rotational  axis  (trochanter  major)  of  the 
expert  subjects.  Two  rotational  axis  data  are 
used  for  this  simulation,  one  is  the  average 
data  of  the  expert  group  (simulation  1),  and 
the  other  is  the  data  of  a  subject  who 
accomplished  the  fastest  swing  speed  among 


conditions.  The  method  of  solution  for  this 
motion  of  equation  as  the  differential 
equation  is  the  Runge-Kutta  method. 

Results  of  Simulation 

Figure  4(Below)  shows  the  result  of  a 
simulation  done  on  a  novice  subject 
(B.K.).The  top  graph  is  the  displacement  of 
the  rotational  axis,  and  bottom  graph  is  the 
liner  velocity  of  foot  on  actual  swing  and 
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calculated  by  each  simulation. 

At  impact,  the  slowest  swing  was  the 
actual  swing,  the  second  slowest  was 
simulation  1  which  used  the  average  data  of 
the  expert  subjects  group,  and  simulation  2 
which  used  the  data  of  elite  subject  showing 
the  fastest  swing  speed. 

Table  1  shows  the  actual  swing  velocity  at 
impact  for  each  novice  subjects  and  the 
results  of  two  simulations.  According  to 
each  average  velocity  data,  actual  swing 
velocity  was  17.41  m/s,  simulation  1  was 
1 7.95m/s,  this  was  slightly  faster  than  actual 
swing.  Simulation  2  was  20.53m/s,  which 
was  much  faster  than  the  actual  swing. 

These  results  indicate  that  even  though 
generated  muscle  torque  in  hip  and  knee 
joint  are  the  same,  the  movement  of 
rotational  axis  significantly  influences  the 
foot  swing  velocity.  And  since  the  velocity 
lifting  the  rotational  axis  in  simulation  1  is 
faster  than  in  simulation  2,  we  expect  that 
lifting  the  rotational  axis  fast  before  impact 
is  necessary  to  improve  the  swing  velocity. 

Table  1.  Liner  velocity  of  foot  at  impact  on  actual  swing 
for  each  novices  and  calculated  by  each  simulations. 

(m/s) 


Subject 

Actual  swing 

Simulation  1  Simulation  2 

S.I. 

17.75 

18.70 

21.22 

U.R. 

19.39 

18.62 

21.08 

B.K. 

14.45 

17.27 

20.23 

S.K. 

17.73 

17.92 

20.64 

A.M. 

17.66 

17.35 

19.61 

T.K. 

16.52 

15.00 

17.50 

N.G. 

17.76 

18.08 

20.38 

M.S. 

17.98 

20.62 

23.54 

Menu 

17.41  (11.42) 

17.95  (+1.59) 

20.53  (  *  1.69) 

before  impact.  Actually,  expert  players  seen 
on  T.V.  etc.  jump  upward  after  kicking  the 
ball. 

Then  we  carried  out  two  computer 
simulations  to  examine  the  effect  of  the 
rotational  axis.  Also  the  result  of  simulations 
suggests  that  lifting  the  rotational  axis  of  the 
swing  leg  was  useful  in  increasing  the  swing 
speed. 

We  have  an  another  result  that  we 
simulated  the  angular  velocity  of  free 
pendulum  with  various  vertical  movements 
of  the  rotational  axis  of  the  pcndulum2).  In 
the  result  of  the  simulation,  we  recognized 
the  effect  that  the  lifting  the  rotational  axis 
contributed  the  increase  of  the  angular 
velocity. 

In  generally,  the  instruction  method  of 
sports  activity  including  the  Instep  Kick 
doesn’t  mention  the  importance  of  lifting  the 
rotational  axis,  but  it  is  necessary  to  instruct 
this  movement  skill  to  increase  the  swing 
speed. 
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Discussion 

On  the  movement  of  the  Instep  Kick  in 
soccer,  according  to  the  hypothesis  in  this 
study,  experts  compared  with  novices  lifted 
the  trochanter  major  of  swing  leg  quickly 
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Abstract 

Angular  velocities  of  joint  motion  in  the 
upper  limb  and  torso  during  baseball  pitches 
were  examined  with  a  device  consisting  of 
six  accelerometers.  The  magnitude  and  the 
time  of  maximal  angular  velocity  before  and 
after  ball-release  were  compared  between 
fast  ball  pitch  and  curve  ball  pitch.  The 
angular  velocities  of  forearm  pronation  and 
internal  rotation  of  the  shoulder  at 
ball-release  were  higher  in  fast  ball  pitch. 
Maximal  angular  velocities  of  these  motions 
were  not  significantly  different  between  fast 
ball  and  curve  ball  pitches.  From  these  results, 
forearm  pronation  inevitably  occurs  before 
and  after  ball-release  during  baseball  pitch. 
In  contrast,  the  maximal  angular  velocity  of 
elbow  extension  was  significantly  different 
between  fast  ball  pitch  and  curve  ball  pitch. 
In  a  curve  ball  pitch,  the  less  flexed  elbow 
joint  makes  forearm  supination  easier  and 
reduces  the  torsion  generated  at  the  elbow  as 
the  forearm  supinates  and  the  shoulder 
rotates  internally.  In  a  curve  ball  pitch,  to 
reduce  elbow  extension  and  to  delay  forearm 
pronation  and  internal  rotation  of  the 
shoulder,  the  pitcher  reduces  the  angular 
velocity  of  both  forward  flexion  and  torso 
rotation. 


Key  words:  Angular  velocity  -  baseball  pitch 
-  accelerometer  -  ball-release  -  pitch  type. 

Introduction 

The  understanding  of  body  motion  during 
baseball  pitches  has  advanced  with 
electromyography  [6]  and  the  use  of 
three-dimensional  video  analysis,  which  is  a 
direct  linear  transformation  (DLT)  method 
[1],  DLT  methods  provide  much  information 
simultaneously  about  the  motion  of  body 
segments.  Furthermore,  the  measurement 
devices  used  do  not  restrain  the  subject’s 
movement  during  the  experiment.  However, 
DLT  is  less  accurate  for  determining  the 
coordinates  of  joints  between  various  body 
segments.  In  contrast,  the  accelerometer  has 
some  advantages  for  the  measurement  of 
joint  motion,  particularly  for  rotations  of 
small  radii  about  a  longitudinal  axis,  such  as 
forearm  pronation  during  baseball  pitch  [3,5]. 
Furthermore,  useful  information  concerning 
the  type  of  motion  and  ball  speed  is  acquired 
easily  using  a  few  small  accelerometers  [4, 7]. 
In  this  study,  we  measured  joint  motion  of 
forearm,  elbow,  shoulder,  and  upper  torso 
with  a  device  consisting  of  six 
accelerometers.  We  examined  differences 
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between  fast  ball  and  curve  ball  pitches. 

Methods 

Nine  college  baseball  pitchers  (all 
right-handed)  participated  in  this  study.  The 
device  for  measuring  the  angular  velocity 
consisted  of  pairs  of  accelerometers  arranged 
in  each  axis  of  a  three-dimensional 
coordinate  system  (Fig.  1). 


Figure  1.  Device  consisting  of  six  accelerometers. 
Arrows  represent  accelerometers  and  the  sensing 
directions. 


Acceleration  signals  Ax,,  AX2,  Ay/,  Ayj ,  Az,, 
and  AZ2  (as  measured  by  the  six 
accelerometers)  are  described  by  the 
following  group  of  equations: 

Ax2  =  gx  ~  a,  +  (rx  +  d )(«,  +  col ) 

Ay,  =  gy-ay  +  ry(o)2:+0) i) 

Ay 2  =  gy-Oy  +  (ry  +d^  +  CDX  ) 

A-.i  =  £-  -  +r:  (co2x  +  wj) 

A:2  =g:~Ch+(r:+  d'faol  +  )  ( 1 ) 

where  g*,  gy,  and  gz  are  the  gravitational 
accelerations  and  ax,  ay,  and  az,  are  the  linear 
accelerations  in  each  direction.  The  distances 
from  the  origin  of  the  device  to  the 
accelerometers xl,yJ,  andz7  are  indicated  by 
the  symbols  rx,  ry,  and  rz,  respectively.  The 
distance  between  each  pair  of  accelerometers 
arranged  on  the  same  axis  is  d.  The  angular 
velocities  about  each  axis  (ox,  ty,  and  (Oz  were 
detected  by  taking  the  difference  of  the 
acceleration  signals  that  were  measured  by 
two  accelerometers  arranged  on  the  same 
axis  [2].  The  equations  expressing  these 
angular  velocities  are: 


. 4 


l(At,-A, ,)*■(. 4:2-A:t)-(Ax2 

-Ax/) 

1  2d 

l{A;:-A:l)+(A,2-Axl)-(A}2 

—  A ,  / ) 

1  2d 

l(Ax:-Ax/)+(Ay2-A},)-(Az2 

-4') 

2d 


(2) 


The  angular  velocity  of  forearm  pronation 
(pro),  elbow  extension  (ext),  internal 
rotation  of  the  shoulder  (int),  torso  forward 
flexion  (fwd),  and  torso  rotation  (rot)  were 
measured  with  the  device  attached  to  the 
subject’s  right  wrist,  proximal  forearm,  upper 
arm,  and  upper  back,  respectively.  Wc 
measured  angular  velocities  associated  with 
the  upper  limb  in  separate  trials  using  one 
device,  and  with  the  torso  in  every  trial  using 
another  device.  Each  subject  pitched  fast  and 
curve  balls  three  times  in  each  trial. 


Results 


The  mean  speed  of  fast  ball  pitch  and 
curve  ball  pitch  for  nine  subjects  was  33.9  ± 
0.6  m/s  and  26.6  ±  0.9  m/s,  respectively. 

Examples  of  the  angular  velocity  of 
forward  pronation,  elbow  extension,  and 
interna!  rotation  of  the  shoulder  in  a  fast  ball 
pitch  are  shown  in  Fig.  2. 


Time  [ms| 


Figure  2.  Examples  of  angular  velocity  of 
forward  pronation  (pro),  elbow  extension  (ext), 
and  internal  rotation  of  the  shoulder  (int). 

Examples  of  the  angular  velocity  of  torso 
forward  flexion  and  torso  rotation  in  a  fast 
ball  pitch  are  shown  in  Fig.  3.  The  angular 
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velocity  calculated  from  equation  (2)  does 
not  include  information  about  the  sign,  as  in 
Figs.  2  and  3. 


Figure  3.  Examples  of  angular  velocity  of  torso 
forward  flexion  (fwd)  and  torso  rotation  (rot). 


In  fast  bail  pitches,  the  angular  velocities 
of  forearm  pronation  and  internal  rotation  of 
the  shoulder  at  ball-release  were  higher  than 
those  during  curve  ball  pitches  (Fig.  4).  The 
angular  velocities  of  elbow  extension,  torso 
forward  flexion  and  rotation  at  ball-release 
were  not  significantly  different  between  fast 
ball  pitches  and  curve  ball  pitches  (Fig.  4). 


Figure  4.  Comparison  of  the  angular  velocity  at 
ball-release  between  fast  ball  pitch  and  curve  ball 
pitch.  Asterisks  indicate  significant  difference  (p 
<0.01). 

In  addition,  the  maximal  angular 
velocities  of  forearm  pronation  and  internal 
rotation  of  the  shoulder  were  not 
significantly  different  between  fast  ball 
pitches  and  curve  ball  pitches  (Fig.  5). 
However,  in  fast  ball  pitches,  the  maximal 
angular  velocities  of  elbow  extension,  torso 


forward  flexion,  and  rotation  were  higher 
than  during  curve  ball  pitches  (Fig.  5). 


pro  ext  int  fwd  rot 


Figure  5.  Comparison  of  maximal  angular 
velocity  before  and  after  ball-release  between  fast 
ball  pitch  and  curve  ball  pitch.  Asterisks  indicate 
significant  difference  (p  <  0.05). 

The  times  at  which  the  angular  velocities 
of  forearm  pronation,  elbow  extension,  and 
internal  rotation  of  the  shoulder  attained 
maximal  values  in  fast  ball  pitch  were  earlier 
than  the  equivalent  times  for  curve  ball  pitch 
(Fig.  6).  The  equivalent  times  in  torso 
forward  flexion  and  rotation  were  not 
significantly  different  between  fast  ball  pitch 
and  curve  ball  pitch  (Fig.  6). 


**  *  ** 


Figure  6.  Comparison  of  times  for  angular 
velocity  to  attain  maximal  values  between  fast 
ball  pitch  and  curve  ball  pitch.  Asterisks  indicate 
significant  differences:  **  p  <  0.01,  *  p  <  0.05. 

Discussion 

For  pitching  a  curve  ball,  which  requires 
putting  topspin  on  the  ball,  subjects  maintain 
the  forearm  in  a  more  supine  position  at 
ball-release  compared  to  the  fast  ball  pitch. 
Therefore,  the  angular  velocity  of  pronation 
at  ball-release  in  the  curve  ball  pitch  was 
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lower  than  that  in  the  fast  ball  pitch.  However, 
the  maximal  angular  velocity  of  pronation 
that  was  observed  after  ball-release  was  not 
significantly  different  between  fast  ball  and 
curve  ball  pitches.  Furthermore,  in  a  curve 
ball  pitch,  the  time  of  maximal  angular 
velocity  occurred  later  than  in  a  fast  ball  pitch. 
From  these  results,  irrespective  of  the  two 
different  types  of  baseball  pitch,  we  conclude 
that  forearm  pronation  inevitably  occurs  both 
before  and  after  ball-release. 

The  lower  maximal  angular  velocity  of 
elbow  extension  in  the  curve  ball  pitch 
indicates  that  the  elbow  joint  is  less  extended 
at  ball-release  than  in  fast  ball  pitch.  Since 
the  flexed  elbow  joint  makes  forearm 
supination  easier,  subjects  reduced  the 
angular  velocity  of  elbow  extension  when 
they  pitched  a  curve  ball.  In  addition,  the 
simultaneous  motion  of  forearm  supination 
and  internal  rotation  of  the  shoulder  causes 
torsion  at  the  elbow  joint.  Therefore,  in  order 
to  reduce  this  torsion,  the  angular  velocity  of 
internal  rotation  of  the  shoulder  at 
ball-retease  in  the  curve  ball  pitch  has  to  be 
also  reduced. 

Higher  angular  velocities  of  torso 
forward  flexion  and  torso  rotation  in  a  fast 
ball  pitch  directly  reflect  the  fact  that  the  ball 
speed  in  a  fast  ball  pitch  is  higher  than  in  a 
curve  ball  pitch.  In  addition,  the  earlier  time 
of  maximal  angular  velocity  in  the  curve  ball 
pitch  reflects  the  fact  that  subjects  tended  to 
restrain  their  motion  at  ball-release  due  to  the 
reasons  mentioned  above. 

Conclusions 

Angular  velocities  of  joint  motion  in  the 
upper  limb  and  the  torso  during  baseball 
pitches  were  examined  with  a  device 
consisting  of  six  accelerometers.  The 
differences  between  fast  ball  pitch  and  curve 
ball  pitch  were  manifested  most  clearly  in  the 
magnitude  and  timing  of  the  joint  motion  of 
the  upper  limb.  These  differences  were  due  to 
movements  that  make  forearm  supination 


easier  and  prevent  torsion  at  the  elbow  in  a 

curve  ball  pitch. 
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Abstract 

We  have  created  a  solid  model  of  the 
lower  jaw  bone  on  a  computer.  Using  this 
model  and  an  osteo-synthetic  device  model, 
we  developed  a  lower  jaw  bone  fracture 
model  that  was  assumed  to  have  undergone 
osteo-synthesis  with  bioabsorbable  ultra 
high  strength  poly-L-lactid  (PLLA)  devices. 
We  analyzed  the  stress  generated  in  these 
devices  when  an  external  force  was  added[8]. 
In  order  to  examine  the  reliability  of  this 
simulation,  we  created  a  model  of  the  same 
form  as  the  tensile  and  compression  test  on 
the  computer,  and  then  a  simulation  under 
the  same  conditions  as  the  tensile  and 
compression  test  of  PLLA  plates  and  blocks 
was  performed.  We  compared  the  results  of 
the  tensile  and  compression  tests  with  the 
simulation,  and  investigated  the  fundamental 
relationship  between  displacement  and  load. 
The  load-displacement  curve  obtained  from 
the  tensile  and  compression  tests  correlated 
well  with  the  simulation  data,  and  good 
reproducibility  was  obtained. 

Key  words:  bioabsorbable  ultra  high  strength 
poly-L-lactid  (PLLA),  tensile  and  compression 
test,  load-displacement  curve,  finite  element 
method. 


Introduction 

Osteosynthetic  devices,  such  as 
miniplates  and  screws,  are  presently  used  to 
repair  fractured  human  skeletal  bone,  and 
stainless  steel  and  titanium  are  generally 
used  to  these  metallic  devices.  However 
there  are  disadvantages  in  the  use  of  these 
metallic  devices,  for  example,  corrosion[3], 
carcinogenicity[2]  for  long-term 
implantation  or  osteoporosis  beneath  the 
miniplates  due  to  stress  shielding  [4].  In 
order  to  overcome  these  disadvantages, 
bioabsorbable,  ultra  high  strength 
poly-L-lactid  osteosynthetic  devices  were 
developed,  and  have  been  applied  to  the 
treatment  of  bone  fractures[1.5.6].  We  have 
also  used  these  devices  in  the  treatment  of 
maxillofacial  trauma,  and  successful  fracture 
healing  was  obtained.  On  the  other  hand,  it 
is  not  known  how  much  stress  is  actually 
generated  on  these  devices.  Using 
3-dimensional-CAD  software,  we  created  a 
fracture  model  of  the  lower  jaw  and 
analyzed  the  stresses  using  a  finite  element 
models  [7].  In  order  to  examine  the 
reliability  of  the  simulation,  we  created  a 
model  of  the  same  form  as  the  tensile  and 
compression  tests  on  the  computer,  and  then 
a  simulation  under  the  same  conditions  as 
the  tensile  and  compression  tests  of  PLLA 
plates  and  blocks  was  performed.  We  report 
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these  methods  and  the  relationship  between 
the  actual  test  results  and  the  simulation. 

Materials  and  Methods 


1.  Compression  Test 

1)  Measurement  of  the  Load  by  Universal 
Testing  Machine 

The  compression  test  was  performed  with 
the  cooperation  of  Nakashima  Medical 
(Okayama  Japan)  using  PLLA  blocks  based 
from  Gunze  Inc  (Kyoto  Japan).  The  test  was 
performed  under  the  following  conditions;  a 
maximum  2kN  of  load  at  a  crosshead  speed 
0.01  mm/sec,  using  the  universal  testing 
machine  (  EHF-FB-10  kN  made  from 
SHIMADZU  Inc).  First,  a  stainless  steel 
board  was  used  as  the  base,  and  the  PLLA 
block  was  arranged  on  top  of  it.  A  pillar 
shaped  stainless  steel  piston  with  a  radius  of 
5mm  was  placed  on  top  of  the  PLLA  block. 
The  block  was  compressed  at  0.01  mm/sec, 
and  the  load  was  measured.  (Fig.  1). 


Fig.l  Photograph  of  Compression  Test  of 
PLLA  Block 


2)  Computer  simulation 
The  simulation  was  performed  on  a 
computer  to  mimic  the  actual  compression 
test.  The  analysis  software  COSMOS/M 
Ver.2.5  (Developing  agency  :  Structural 
Reseach  &  Analysis  Corporation  :  U.S., 
domestic  selling  agency  :  Yokogawa 
Techno-Information  Service  Inc.)  was  used 
on  a  COMPAQ  :  Pentium  600MHz  PC.  This 
analysis  software  has  a  model  creation 
function.  First,  the  2-dimensional  model  of 
the  block  used  for  the  compression  test  was 


created,  and  was  analyzed  using  the  model. 
In  addition,  the  X-axis  was  set  as  the 
horizontal  direction  and  the  Y-axis  was  set 
as  the  perpendicular  direction.  Automatic 
division  generation  of  each  element  was 
performed  for  this  analysis  using  a  4  nodes 
quadrilateral  plane  element.  Restriction 
conditions  involving  full  restraint  of  the 
lowest  end  of  the  stainless  steel  base  were 
set.  When  the  stainless  steel  piston  from  the 
upper  part  made  contact,  the  motion  of  the 
model  became  more  complex  and  the 
direction  of  the  X  axis  was  restrained  to  the 
top  of  part  of  stainless  steel  piston.  When 
contacting,  in  order  to  stabilize  horizontal 
motion,  the  restraint  of  the  X  axis  was  given 
to  3-4  nodes  in  the  center(Fig.2). 


For  the  analysis,  Young’s  module  and 
Poisson’s  ratio  data  on  stainless  steel,  and 
the  manufacturer’s  data  on  the  PLLA  which 
were  used.(Table  1). 

Table  1  Material  Properties 


Young’s  Module  Poisson’s  Ratio 
PLLA(Compress)  l,500Mpa  0.35 

PLLA(Tensile)  2,075Mpa  0.35 

Stainless  Steel  210,000Mpa  0.28 

Aluminum  69,000Mpa  0.33 


In  addition,  all  materials  were  regarded  as 
elastic  bodies.  Between  each  part,  a  contact 
element  (GAP  element)  for  permitting  slide 
was  created,  and  a  nonlinear  analysis  was 
performed.  The  friction  coefficient  was  not 
taken  into  consideration.  Since  it  is  an 
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analysis  of  plastic  modification  and  the 
thickness  of  the  model  was  2.4mm,  the 
displacement  was  set  to  0.12mm. 

2.  Tensile  Test 

1)  Measurement  of  the  Load  by  Universal 
Testing  Machine. 

The  PLLA  plate  and  an  aluminum  block  as 
the  base  were  fixed  with  a  stainless  steel 
screw.  Each  aluminum  block  was  strained  in 
the  opposite  direction  using  the  universal 
testing  machine,  and  the  load  was  measured 
(Fig.3). 


Fig.3  Photograph  of  Tensile  Test 


2)  Computer  Simulation 
The  tensile  strength  test  were  performed  by 
the  manufacturer  were  recreated  on  the 
computer,  and  the  simulation  was  performed. 
For  the  model  creation  software, 
3-dimensional-CAD  soft  SolidWorks2000 
(Developing  agency  :  SolidWorks  :  U.S., 
domestic  selling  agency  :  Itochu 
Techno-Science  Corporation)  was  used,  and 
as  the  analysis  software,  COSMOSWorks6.0 
(Developing  agency  :  Structural  Reseach  & 
Analysis  Corporation  :  U.S.,  domestic 
selling  agency  :  Yokogawa 

Techno-Information  Service  Inc.). 
Automatic  division  generation  of  each 
element  was  performed  for  this  analysis 
using  a  tetrahedron  element.  Full  restraint  of 
the  forefront  side  of  the  aluminum  base  was 
set.  Between  the  each  parts  a  contact 
element  (GAP  element)  was  set  up  and  the 
displacement  was  set  to  1mm..  When  the 
aluminum  blocks  were  strained  in  opposite 
directions  to  each  other,  translation  motion 
was  allowed  to  occur  between  the  each 
parts(Fig.4). 


Fig.4  Stress  Distribution  of  Tensile  Test 
Simulation 


Results 


1)  Compression  Test  Result  and  the 
Simulation  Results 

The  relationship  of  the  load-displacement  curve 
between  the  compression  test  and  the 
simulation  showed  agreement  and  supported 
the  validity  of  the  simulation(Fig.5). 


Load 


Experiment 

Analysis 


Displacement 
(mm) 


Fig.5  Comparison  of  Load-Displacement 
Curves  in  Compression  test 


2)  Tensile  Test  Result  and  the  Simulation 
Results 

The  relationship  of  the  load-displacement  curve 
between  the  tensile  test  and  the  simulation 
corresponded  well.  It  was  thought  that  the 
simulation  reproduced  the  actual  data 
well(Fig.6). 


Fig.6Comparison  of  Load-displacement 
Curves  in  Tensile  Test 
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Discussion 

Although  a  PLLA  block  is  created  by 
stretch  and  has  initial  crystallinity,  it  also 
has  bend  intensity.  The  device  is 
manufactured  by  cutting  this  block,  and  is 
generally  accepted  that  a  stretched  object 
has  an  anisotropic  character.  In  order  to 
solve  this  problem,  a  forging  method  was 
used.  The  anisotropic  character  of  the  PLLA 
block  increased,  and  a  high  intensity  and 
strong  viscoelasticity  block  was 
manufactured.  However,  since  it  is  not  an 
entirely  isotropic  elastic  body,  the  elastic 
coefficient  may  change  in  different 
directions.  In  the  compression  and  tensile 
tests,  the  PLLA  block  or  PLLA  plate  had  an 
anisotropic  character  at  intensity.  The 
simulation  was  performed  to  determ  this 
elastic  coefficient  that  had  needed  to  be 
changed.  In  the  compression  test,  we 
performed  the  simulation  using  nonlinear 
analysis.  It  was  believed  that  the  curved 
relationship  was  also  reproduced  well  by  the 
simulation.  The  load-displacement  curve  of 
the  ultra  high  molecular  weight  polyethylene 
(UHMWPE)  block  compression  test  and  the 
simulation  performed  before  showed 
comparatively  good  correspondence[7]. 
However,  it  did  not  show  correspondence  as 
good  as  the  UHMWPE  test  to  a 
biomechanical  materials  testing  of  bone. 
Since  PLLA  is  a  comparatively 
homogeneous  material  and  was  uniformly 
forged,  it  was  believed  that  the  load 
displacement  curve  showed  good 
correspondence. 

Conclusion 

The  relationship  of  the  load-displacement 
curve  between  the  compression  or  tensile  test 
and  the  simulation  showed  agreement  and 
supported  the  validity  of  the  simulation. 
PLLA  had  an  anisotropic  character  at 
intensity. 
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Abstract 

A  motion  of  the  snowboard  yielded 
by  a  snowboarder’s  snowboard  control  is 
studied  experimentally  and  numerically. 
From  the  comparison  of  numerical  results 
with  experimental  ones,  it  will  be  made  clear 
that  one  can  estimate  accurately  the  motion 
of  the  snowboard  by  using  the  numerical 
approach  although  some  considerations  are 
necessary. 

Key  Words:  Dynamic  response,  Snowboard, 
Snowboarder’s  snowboard  control 

Introduction 

The  authors  have  already  developed 
a  numerical  approach  for  the  estimation  of 
the  dynamic  response  of  a  snowboard  resting 
on  an  elastic  foundation^.  The  snowboard  is 
modeled  by  a  non-homogeneous  orthotropic 
plate.  In  Reference[l]  ,  from  the  comparison 
of  the  numerical  results  with  the 
experimental  ones,  the  authors  made  clear 
that  one  can  estimate  accurately  the  motion 
of  the  snowboard  when  a  simple  forces  and 
moments  acted  on  the  snowboard.  In  the 
experimental  study  a  urethane  sheet  was  used 
as  the  elastic  foundation. 


In  the  present  study,  the  forces  acting 
to  the  snowboard  from  the  snowboarder  are 
measured  when  the  snowboarder  does  a 
snowboard  control.  It  is  discussed  whether 
one  can  estimate  accurately  the  motion  of 
snowboard  by  the  numerical  approach  when 
such  the  complicated  forces  act  to  the 
snowboard  or  not. 

Experimental  study 

Experimental  setup  and  method 
Experimental  set  up  is  shown  in  Figure  1  .The 
urethane  sheet  of  thickness  0.04m  was  used 
instead  of  a  snow  slope.  The  snowboard  laid 
on  the  urethane  sheet  placed  on  a  horizontal 
surface  plate.  Eight  load  cells  were  used  to 
measure  forces  acting  to  the  snowboard  from 
the  snowboarder.  They  were  put  around  shoe 
centers  (Ci  or  Q)  of  the  snowboard  to 
support  the  snowboarder  through  special 
binding  plates,  bindings  and  snowboard 
boots.  As  a  snowboarder’s  snowboard 
control,  “Down-unweighting”  action  and 
“Up-weighting”  action  were  continuously 
done.  The  displacement  of  the  snowboard 
due  to  snowboarder’s  snowboard  control  was 
measured  by  six  laser  displacement  sensors 
(£i,  £2,  L3,  £4,  £5,  £6).  The  position  of  load 
cells  and  laser  displacement  sensors  are 
shown  in  Figure  2. 
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Fig.  1  Illustration  of  experimental  set 
up 
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Fig.  2  sensor’s  positions 


The  snowboard  used for  study 
The  snowboard  sold  in  the  market  was  used 
in  this  study.  The  snowboard  was  assumed  to 
be  a  non-homogeneous  orthotropic  plate  for  a 
numerical  calculation.  The  total  length  of  the 
snowboard  is  1.36m  and  the  whole  mass  is 
2.77kg.  The  shape  (width  B  and  camber 
height  A)  and  mechanical  properties  of  the 
snowboard  (mass  per  unit  area  y  and  flexural 
rigidities  D{,  H  and  Dx)  are  shown  in 
Figure  3. 


Analytical  study 

Analytical  model  and  assumptions 
Since  the  numerical  approach  had  already 
been  proposed  in  Reference[l],  it  is 


(b)  Mass  per  unit  area  y 


Fig.  3  Shape  and  mechanical 

properties  of  the  snowboard 

described  briefly.  The  analytical  model  of  the 
snowboard  is  shown  in  Figure  4.  The  £  and  tj 
axes  are  taken  on  the  neutral  plane  of  the 
snowboard.  The  midpoint  of  shoe  centers  C\ 
and  C2  is  assumed  to  be  the  origin  of  the 
coordinates.  The  snowboard  is  assumed  to  be 
separated  along  the  £=0  line.  The  afterbody, 
which  is  £  <  0,  is  indicated  by  r=l  and  the 
forebody,  which  is  £>  0,  is  indicated  by  r=2. 
As  shown  in  Figure  4,  the  vertical  forces  and 
moments  act  on  the  each  shoe  center  of  the 
snowboard  lying  stationary  on  the  horizontal 
foundation.  Furthermore,  the  distributed 
force  fT)  acts  on  the  snowboard.  As  the 
distributed  force  the  gravity  force,  inertia 
force  and  reaction  force  from  the  snow 
surface  to  the  snowboard  are  considered.  By 
the  action  of  these  forces,  the  snowboard 
does  a  rigid  motion  as  well  as  the  bending 
deformation.  The  rigid  motion  is  represented 
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Fig.  4  Analytical  model  for  the 

deformation  of  the  snowboard. 


by  the  vertical  displacement  w0  at  the  origin 
and  rotations  at  the  origin  about  £  and  tj  axes, 
of  which  the  rotation  angle  are  0vo  and  0$. 
The  bending  deformation  of  the  snowboard  is 
represented  by  w(r).  The  vertical 
displacement  A-J^  of  the  snowboard, 
deformed  shape  of  the  snowboard  A  p^\  and 
deformed  shape  of  the  snow  A}T)  are  given 
respectively  as  follows: 


Aw(l)  =  w0-^-^»o+w(r) 

(1) 

(2) 

A ,»  = 

(3) 

=  0 

(Vrt<o)j 

where  A®  is  the 

camber  height  of  the 

snowboard. 

Urethane  sheet 

The  urethane  sheet  used  instead  of  the  snow 
surface  is  assumed  to  be  an  elastic 
foundation. 

Boundary  conditions 

The  boundary  condition  of  the  bending 
deformation  was  assumed  to  be  fixed  along 
the  line  £=0,  and  was  free  along  the 
circumference  of  snowboard.  The  bending 
deformation  of  snowboard  along  the  line 
was  ignored.  The  vertical  rigid  displacement 
wo,  and  rigid  rotation  Qn o  and  0$o  are 
considered. 


Equilibrium  equations 
Since  the  deflections  of  the  afterbody  and  the 
forebody  were  calculated  independently,  the 
equilibrium  equations  with  respect  to  the 
vertical  force,  bending  moment  and  twisting 
moment  were  satisfied. 


Results  and  discussions 
Experimental  results 

The  force  acting  to  the  snowboard  from  the 
snowboarder  was  caused  by  the 
snowboarder’s  “Down-unweighting”  and 
“Up-weighting”  actions.  Figure  5  shows  the 
forces  measured  by  8  load  cells.  The  relative 
displacement  d  of  the  snowboard  was 
measured  at  the  same  time,  which  is  shown  in 
Figure  6.  The  positions  of  the  load  cells  and 
laser  displacement  sensors  are  shown  in 
Figure  2. 


Fig.  5  Experimental  results  of  the 
vertical  forces 


Fig.  6  Experimental  results  of  the 
snowboard’s  displacement 
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The  comparison  of  the  motion  of 
snowboard  estimated  numerically  with 
those  measured  experimentally 
The  relative  displacement  d  of  the  snowboard 
caused  by  the  vertical  forces  shown  in  Figure 
5  is  shown  in  Figure  7.  In  Figure  7,  for  the 
comparison,  the  experimental  results  are 
shown,  too.  The  relative  displacement 
obtained  numerically  is  influenced  with  the 
spring  coefficient  of  the  urethane  sheet.  In 
the  present  study,  the  numerical  results 
agreed  very  well  with  the  experimental 
results  when  the  calculation  was  carried  out 
assuming  that  the  spring  coefficient  of  the 
urethane  sheet  is  about  4.5x1  O^/m3.  The 
spring  coefficient  of  the  urethane  sheet  is 
considered  to  be  influenced  by  the  viscosity 
of  the  material,  the  velocity  of  deformation, 
the  non-linearity  of  the  force-displacement 
relation-ship,  and  so  on.  It  is  necessary  to 
study  the  above-mentioned  various  effects  to 
obtain  more  reliable  results.  Figure  8  shows 
the  deformed  shape  of  the  neutral  plane  of  the 
snowboard  along  the  sides  curve  (i/=  -0.5B 
and  i; =0.52f )  and  the  center  line  jy=0.  The 
figures  (a)  to  (e)  show  the  deformed  shapes  at 
each  time  shown  by  the  same  symbols  in 
Figure  6.  The  stick-charts  shown  in  the  left 
side  of  Figure  8  show  the  posture  of  the 
snowboarder,  which  is  obtained  using  an 
image  processing  technique. 

Conclusions 

The  motion  of  snowboard,  which  was 
yielded  by  the  snowboarder’ s  snowboard 
control,  was  studied  experimentally  and 
numerically.  From  the  comparison  of 
numerical  results  with  the  experimental  ones, 
it  was  made  clear  that  one  can  use  the 
numerical  approach  proposed  in  Reference 
[1]  even  in  the  case  that  more  complicated 
forces  than  forces  in  Reference]!]  act  on  the 
snowboard. 
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Abstract 

To  identify  equivalent  elastic 
parameters  of  snowboards,  an  inverse 
analysis  method  is  applied.  In  the  inverse 
analysis  method,  mainly,  the  experimental 
modal  analysis,  3D-CAD,  the  finite  element 
method  (FEM),  and  FEM  model  updating 
program  are  used.  First,  to  investigate  the 
applicability  of  this  method,  the  identified 
elastic  parameters  of  the  aluminum  ski  plate 
are  compared  with  ones  of  the  aluminum. 
Next,  by  applying  this  method  to  some 
snowboards,  the  different  equivalent  elastic 
parameters  of  the  snowboards  are  calculated. 

Key  Words:  Vibration,  Inverse  Problem, 
Identification,  Elastic  Parameters,  Finite 
Element  Method,  Experimental  Modal 
Analysis,  Snowboard 

Introduction 

Although  snowboarding  is  a  very 
popular  winter  sport  for  young  people,  we 
can  find  few  discussing  a  snowboarding 
dynamically.  One  of  the  authors  proposed  a 
numerical  approach  for  simulating  the 
snowboarding.  Therefore,  the  elastic 
parameters  of  snowboards  are  essential  for 


simulation  on  snowboarding.  However,  the 
elastic  parameters  of  snowboards  have  not 
been  reported.  Also,  the  elastic  parameters 
of  snowboards  are  difficult  to  determine  by 
either  theoretical  or  experimental  approach. 

An  inverse  analysis  method  is 
applied  to  identify  the  equivalent  elastic 
parameters  of  snowboards.  First,  by 
applying  the  experimental  modal  analysis  to 
a  test  piece  (aluminum  ski  plate  and 
snowboard)  with  free  boundary  conditions, 
natural  frequencies  and  mode  shapes  are 
obtained.  Secondly,  using  the  3D-CAD,  a 
numerical  model  of  the  test  piece  is  created. 
Thirdly,  from  the  obtained  natural 
frequencies  and  mode  shapes,  the  equivalent 
elastic  parameters  of  the  test  piece  are 
identified  numerically  by  using  the  FEM 
model  updating  program.  To  examine  the 
usefulness  of  this  approach,  the  identified 
elastic  parameters  of  the  aluminum  ski  plate 
are  compared  with  ones  of  the  aluminum. 
Finally,  by  applying  this  method  to  some 
different  types  of  snowboard,  the  various 
equivalent  elastic  parameters  of  the 
snowboards  are  calculated. 

Identification  Method 

The  outline  of  the  proposed 
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identification  method  is  shown  in  Fig.  1 .  As 
shown  in  Fig.  1,  the  proposed  identification 
method  consists  of  3D-CAD  (Solid  works), 
finite  element  method  (NASTRAN), 
experimental  modal  analysis  (STAR),  and 
FEM  model  updating  program  (FEMtools). 

At  first,  to  measure  the  transfer 
function  (accelerance),  an  accelerometer 
was  attached  to  the  test  pieces  (aluminum 
ski  plate  and  snowboards)  and  then  ones 
were  impacted  by  an  impulse  force  hammer. 
And  the  boundary  condition  of  the  test 
pieces  is  assumed  to  be  free  boundary 
condition.  To  satisfy  the  free  boundary 
condition,  the  test  pieces  were  hung  from  the 
ceiling  by  a  fine  string.  Using  the  obtained 
transfer  function,  natural  frequencies  and 
mode  shapes  of  the  test  pieces  were 
calculated  by  the  experimental  modal 
analysis  (STAR).  Secondly,  the  geometrical 
configurations  of  the  test  pieces  were  drawn 
by  3D-CAD  (Solid  works).  Next, 
considering  the  material  properties  and 
boundary  conditions,  an  analytical  model 
was  structured  by  the  finite  element  method 
(NASTRAN).  Finally,  using  the  obtained 
natural  frequencies  and  mode  shapes,  the 
equivalent  elastic  parameters  of  the  test 
piece  were  estimated  by  FEM  model 
updating  program  (FEMtools). 


Fig.l  Flow  chart  of  identification 


Identified  Equivalent  Elastic  Parameters 
Aluminum  Ski  Plate 

To  investigate  the  applicability  of  the 
proposed  identification  method,  the  method 
was  applied  to  the  aluminum  ski  plate  as  a 
homogenous  material.  Applying  the 
aluminum  ski  plate  to  the  skiing  robot,  the 
ski  plate  was  made  preciously  by  the 
Machining  Center.  The  geometrical 
configuration  of  the  aluminum  ski  plate  is 
shown  in  Fig.  2.  The  density  of  the 
aluminum  ski  plate  is  2724 [kg/m3].  The 
Poisson’s  ratio  is  assumed  to  be  0.343. 
Applying  the  identification  method  to  the 
aluminum  ski  plate,  the  identified  elastic 
parameters  of  the  ski  plate  were  obtained  as 
shown  in  Table  1.  In  the  table,  elastic 
parameters  obtained  by  the  other  experiment 
also  are  tabulated  for  comparison.  Judging 
from  the  comparison  it  follows  that  the 
elastic  parameters  estimated  by  present 
method  are  very  accurate.  Figure  3  shows 
the  experimental  natural  frequencies  and 
mode  shapes  and  the  numerical  ones 
computed  by  using  the  identified  elastic 
parameters.  From  Fig.3,  one  can  see  that  the 
difference  between  the  experimental  and 
calculated  natural  frequencies  is  about  2.2% 
at  the  most  and  one  can  find  the  excellent 
agreements  between  the  experimental  and 
numerical  mode  shapes. 


Table  1  Elastic  parameters  of  ski 


E(GPa) 

G(GPa) 

Identified 

70.0 

26.1 

Experimental 

67.7 

25.2 

Fig.2  Geometrical  configuration  of  ski 
plate 
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Modal  order 

1st 

2nd 

3rd 

4th 

5th 

Experimental 

mode 

H 

% 

% 

Numerical 

mode 

S 

s. 

N. 

N. 

Experimental 

Natural 

frequency(Hz) 

67.93 

146.9 

268.3 

421.1 

615.0 

Numerical 

natural 

frequency(Hz) 

67.89 

146.3 

263.0 

422.8 

628.0 

Error(%) 

-0.06 

-0.41 

-1.97 

0.42 

2.11 

Fig. 3  Bending  modes  and  natural  frequencies  of  aluminum  ski  plate 


Snowboard 

As  an  example,  the  proposed  method  was 
applied  to  the  free-style  board(A).  The 
geometrical  configuration  of  this  snowboard 
is  shown  in  Fig.4.  The  material  property  of 
the  snowboard  is  assumed  to  be  2 
dimensional  orthotropy.  The  Poisson’s  ratio 
is  assumed  to  be  0.4.  Figure  5  shows  the 
experimental  results  and  the  numerical  ones 
computed  by  using  the  identified  equivalent 
elastic  parameters.  From  Fig.5,  one  can  see 
that  the  difference  between  the  experimental 
and  numerically  calculated  natural 
frequencies  is  about  0.15%  at  the  most  and 
one  can  find  the  excellent  agreements 
between  the  experimental  and  numerical 
mode  shapes.  Therefore,  one  can  find  that 
good  equivalent  elastic  parameter  of  the 
snowboard  were  obtained.  Figure  6  shows 
the  bending  stiffness  for  the  longitudinal 
direction  of  the  snowboard(A)  estimated  by 
using  the  identified  equivalent  elastic 
parameters.  Also,  the  experimentally 
obtained  the  bending  stiffness  (1)  is  shown  in 
Fig.6.  From  Fig.  6,  one  can  see  the  good 
agreement  between  the  experimental  and 
numerical  bending  stiffness. 


The  proposed  method  was  applied  to 
the  freestyle  and  alpine  boards.  Figure  7 
shows  the  bending  stiffness  calculated  by 
using  the  identified  equivalent  elastic 
parameters.  In  this  figure,  the  notation  “A” 
and  ”B”  present  the  free  type  board  and  the 
notation  “C”  and  “D”  present  the  alpine 
board.  From  Fig.  7,  one  can  see  that  the 
different  characteristics  caused  by  the 
snowboarding  style. 


1500 


Fig.  4  Geometrical  configuration 
of  snowboard  (A) 
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Conclusions 

At  first,  the  identification  method  was 
applied  to  the  aluminum  ski  plate.  From  the 
results,  it  follows  that  one  can  accurately 
estimate  elastic  parameters  for  the  ski  plate 
by  using  the  identification  method.  Next,  the 
identification  method  was  applied  to  the 
some  different  style  snowboards.  From  the 
results,  one  can  find  that  the  different 
bending  stiffness  according  to  the 
snowboarding  style. 


-80  -60  -40  -20  0  20  40  60  80 
Tail  Distance  I  (cm)  Top 

Fig.6  Bending  stiffness  in  longitudinal 
direction  of  snowboard(A) 
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Fig.7  Bending  stiffness  in  longitudinal 
direction  of  snowboards 


Model  order 

1st 
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5th 

Experimental 

mode 

% 

H 

% 

Numerical 

mode 

'X 

% 

% 

% 

Experimental 
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ffequency(Hz) 

18.50 
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Fig.5  Bending  modes  and  natural  frequencies  of  snowboard  (A) 
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Abstract 

The  purpose  of  this  study  is  to  investigate 
the  vibration  properties  of  adhesive  structure 
plate  with  delamination.  The  adhesive 
structure  plates  used  in  this  work  consist  of 
carbon  fiber  reinforced  plastics  (CFRP),  and 
aluminum  as  two  adherends  and  adhesion 
with  high  damping  properties  as  an  adhesive 
layer.  A  new  numerical  modeling  of 
adhesive  structure  plate  is  proposed  under  the 
assumption  that  shell  and  beam  element 
represent  adherend  and  adhesive  layer, 
respectively.  The  proposed  method  of 
numerical  analysis  is  used  to  analyze  the 
damping  factors  of  the  adhesive  structure 
plates.  The  validity  of  the  numerical  model 
for  the  damping  analysis  of  adhesive 
structure  plates  was  checked  through 
comparisons  with  experimental  results. 

Using  proposed  model,  it  was  found  that 
delaminated  plate  had  the  higher  damping 
property  than  virgin  plate. 

Key  Words:  Adhesive  Structure,  Vibration 
Properties,  Numerical  Model,  Delamination 


1.  Introduction 

Fiber  Reinforced  Plastics  (FRP)  can  be 
adapted  for  many  applications  in  light  - 
weight  structures  such  as  spacecraft 
application,  because  of  its  specific  stiffness 
and  strength.  Recently,  the  more 
complicated  FRP  components  are  required. 
In  almost  structures  fabricated  by  these 
materials,  separate  parts  or  frames  are  often 
assembled  using  adhesively  -  bonded  joints, 
which  furnished  bolts  and  rivets.  These 
joints  generally  reduce  the  vibration  damping 
property  of  structures  as  well  as  strength 
properties.  As  a  significant  number  of 
spacecraft  failure  and  anomalies  including 
equipped  electronic  devices  are  related  to 
severe  vibration  during  launch  and  ground 
tests,  a  good  understanding  of  vibration 
properties  of  adhesive  structures  is  extremely 
important.  In  the  present  work,  the  model  is 
modified  so  as  to  predict  the  vibration 
properties  of  adhesive  structure  plate  with 
delamination. 

Using  proposed  model,  the  vibration 
properties  analysis  of  adhesive  structure  was 
performanced.  The  validity  of  the  model  and 
a  few  discussions  are  presented. 
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2.  Analytical 
2.1  Modeling  [1] 

The  basic  concept  for  the  proposed 
numerical  modeling  is  shown  in  Figure  1. 
Two  adherends  and  adhesive  layer  are 
independently  represented  by  shell  and  beam 
element,  respectively.  In  addition,  shell 
elements  arc  connected  with  beam  element 
through  the  thickness  in  order  to  express 
adhesive  layer.  The  rigid  links  arc  connected 
between  shell  and  beam  elements,  so  that  the 
beam  element  length  can  correspond  to  the 
real  adhesive  thickness. 

Each  component  consisting  of  adhesive 
structure  plate  is  individually  represented  by 
two  kinds  of  elements,  so  that  the  model  can 
consider  the  heterogeneity  of  adhesive 
structure  plate. 

Figure  2  is  a  schematic  diagram  of 
adhesive  structure  plate  in  this  study.  The 
adhesive  structure  plate  used  for  this  work 
consisted  of  unidirectional  CFRP  and 
aluminum  plates,  and  epoxy  adhesion.  The 
epoxy  adhesion  with  a  nominal  thickness  of 
1.0mm  was  used  for  adhesion  between  CFRP 
and  aluminum  plates.  The  thickness  of 
CFRP  and  aluminum  plates  is  2.0mm.  Thus, 
the  total  thickness  of  adhesive  structure  plate 
is  5.0mm  including  adhesive  layer.  The  fiber 
orientation  angle  of  CFRP  plate  is  0  degree  to 
the  longitudinal  axis.  The  length  of  adhesive 
structure  plate  sample  is  260mm  with 
120mm  width. 

The  existence  of  delamination  on 
adhesive  layer  causes  various  changes  of 
vibration  properties  in  adhesive  structure 
plate  [2,3].  In  particular,  the  fact  that  the 
delamination  causes  the  increase  in  the 
damping  factor  in  widely  accepted. 

For  analytical  target,  two  samples  were 
prepared  in  this  study.  One  set  of  sample  of 
adhesive  structure  plate  without 
delamination  is  called  virgin  plate.  The  other 
set  of  sample  of  adhesive  structure  plate  with 
dclamination  is  called  delaminated  plate. 
The  delaminated  position  was  existed  as 
shown  Figure  2. 


Adhesive  structure  The  proposed  model 

Figure  1  The  proposed  new  numerical  model. 


;  |  !  |  EH  CFRP 

i^L'  60  J  1  □  Adhesion 


f~H  Aluminum 


Unit :  mm 


Figure  2  Schematic  diagram  of  the  CFRP  /  Al 
adhesive  structure  with  dclamination. 


(Shell  element) 

Figure  3  Finite  element  model  of  the  CFRP  /  Al 
adhesive  structure  with  delaminated  area. 

Figure  3  shows  the  mesh  division  for 
numerical  calculation.  In  the  proposed 
model,  it  is  considered  that  the  dclamination 
could  be  expressed  by  the  elimination  of 
beam  elements  on  the  delaminated  position 
as  shown  in  Figure  3.  The  boundary 
condition  is  perfectly  free.  Numerical 
simulations  of  vibration  properties  were 
performed  on  the  first  bending  mode. 
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2.2  Mode  superposition  transient  dynamic 
analysis 

Mode  superposition  transient  dynamic 
analysis  is  a  method  of  using  the  natural 
frequencies  and  mode  shapes  from  the  modal 
analysis  to  characterize  the  dynamic  response 
of  a  structure  to  transient  excitations.  Figure 
4  showed  flow  chart  of  mode  superposition 
transient  analysis  in  this  study.  The  first  step 
is  that  numerical  modeling  of  adhesive 
structure.  Using  this  model,  modal  analysis 
is  performed  on  the  first  bending  mode.  On 
the  next  step,  natural  frequency  and  mode 
shape  extracted  by  the  modal  solution  are 
used  to  calculate  the  transient  response.  A 
center  of  sample  was  impacted  by  impulsive 
load  as  shown  in  Figure  5.  The  damping 
property  was  calculated  from  the  output  on 
sample  corner,  in  the  natural  frequency  band 
of  the  first  bending  mode.  Figure  6  shows  an 
example  of  the  output  recorded  against  time. 
The  measured  damping  property  usually 
called  a  logarithmic  decrement,  (5  , 
calculated  by  the  following  equation. 


6  = 


n 


am 

am+n 


(1) 


where  am+n  indicates  the  n-th  maximum 
amplitude. 

3.  Experimental 

In  order  to  validate  the  proposed  model 
and  vibration  analysis  method,  the  vibration 
tests  were  carried  out  using  A  &  D  Inc. 
AD3542  vibration  testing  system.  The  T700 
/  2500  UD  -  CFRP  prepregs,  used  for 
fabrication  of  one  set  of  adherend,  was 
supplied  by  Toray  Industries  Inc.,  Japan.  The 
fiber  volume  content  of  prepregs  is  67  %. 
Aluminum  of  the  other  set  of  adherend  was 
supplied  by  Kuhou  Metal  Factory  Inc.,  Japan. 
Epoxy  adhesion  was  supplied  by  Yuka  Shell 
Epoxy  Inc.,  Japan. 

For  the  vibration  measurement  under  a 
perfect  free  boundary  condition,  the  adhesive 
structure  plate  was  suspended  by  fine  strings. 
Then,  the  impact  was  applied  on  the  central 


|  Numerical  modeling  of  adhesive  structure 


Modal  analysis 


I 

|  Calculation  of  natural  frequency  on  the  first  bending  mode 


|  Transient  analysis 


Calculation  of  damping  curve 


^Calculation  of  logarithmic  decrement 


Figure  4  Flow  chart  of  mode  superposition 
transient  dynamic  analysis. 


Figure  5  Impulsive  loading. 


Figure  6  Damping  curve. 
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Table  1  Comparison  between  the  analytical  and  experimental  vibration  properties 
of  the  CFRP/  A1  adhesive  structure. 


Type 

Analysis 

Error  (%) 

Virgin 

523.3 

478.0 

-8.7 

0.112 

-5.8 

Delamination 

473.3 

425.4 

-10.1 

0.116 

-5.4 

Error  (%)  =  (Analysis  -  Experiment)  /  Experiment*  100 


portion  of  the  sample  by  a  hammer  to  excite  a 
vibration.  The  out  -  plane  acceleration 
outputs  were  recorded  by  an  accelerometer. 
The  first  bending  mode  was  experimentally 
analyzed  by  the  vibration  tests  to  compare 
with  numerical  simulation  on  the  basis  of  the 
proposed  model. 

4.  Results  and  discussion 

Tabic  1  shows  comparison  between 
analytical  and  experimental  results  in  the 
vibration  properties  of  adhesive  structure 
plate  in  order  to  check  the  validity  of  the 
proposed  model.  The  good  agreements  have 
been  obtained  for  samples  investigated, 
indicating  a  successful  modeling  of  vibration 
in  the  present  work.  The  influence  of 
delamination  in  adhesive  structure  plate  on 
the  vibration  properties  are  now  discussed. 
The  natural  frequency  of  delaminated  plate 
exists  in  the  lower  frequency  side,  as 
compared  with  virgin  plate.  The  main  reason 
is  that  the  existence  intercepts  the 
transmission  of  the  shear  stress  on  the 
delaminated  area.  On  the  other  hand,  the 
logarithmic  decrement  of  delaminated  plate 
is  larger  than  that  of  virgin  plate.  The 
damping  property  depends  upon  shear 
deformation  of  adhesive  layer  in  adhesive 
structure  plate.  It  thinks  that  the  local 
deformation  of  the  delaminated  position 
neighborhood  is  cause. 

Judging  from  the  above  results,  it  is  found 
that  the  adhesive  performance  is  an  important 
key  to  the  control  of  damping  property  in  the 
adhesive  structure  plate. 


5.  Concluding  remarks 

This  paper  presents  results  on  the 
vibration  properties  of  the  adhesive 
structures.  A  new  numerical  modeling  of  the 
adhesive  structure  was  proposed  under  the 
assumption  that  the  shell  and  beam  element 
represent  adherends  and  adhesive  layer.  In 
our  past  reports  [4-6],  each  of  adhesive 
structure  is  simulated  using  a  proposed 
model  successfully. 

The  dependence  of  adhesive  structure 
plate  with  delamination  on  the  vibration 
properties  was  investigated  from  analytical 
and  experimental  points  of  view. 

From  the  results  obtained  in  the  present 
work,  it  was  shown  that  the  vibration 
properties  depend  remarkably  on  adhesive 
conditions  of  adhesive  structure  plate. 
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ABSTRACT 

It  was  paid  attention  to  the 
comfortable  dwelling  space  with  noise 
insulation  and  vibration  damping.  Here, 
several  kinds  of  flooring  structures  were 
noticed.  On  walking  the  structure,  vibration 
was  measured  and  the  walking  feeling  was 
observed  simultaneously.  The  evaluation 
items  of  the  walking  feeling  were  paid 
attention  to  the  deflection  of  the  flooring  and 
the  remainder  condition  of  the  pitching.  The 
degree  level  and  the  amenity  level  of  the 
degree  were  used.  It  was  investigated  the 
correlation  of  vibration  amplitude  and 
feeling.  In  this  point,  we  suggested  the  new 
indicated  value  and  evaluate  the  structures. 
Moreover  it  was  paid  attention  to  not  only 
the  vibration  of  the  flooring  structure  but 
also  the  rigidity  of  the  joist  materials.  It  was 
investigated  the  design  concept  of 
comfortable  flooring  structure. 

Key  Words:  Comfortable  Structure, 


Flooring,  Vibration  Damping,  Design 

1.  INTRODUCTION 

Optimum  conditions  for  spending  the 
comfortable  life  have  been  searched  on  the 
environment  surrounding  human  [1'3].  For 
example,  there  are  adjustment  ability  of 
human,  amenity  of  living  space  and 
man-machine  interface  and  so  on.  Here  it 
was  paid  attention  to  the  amenity  of  housing 
that  was  one  of  living  space.  There  are  many 
items  of  psychological  satisfactory  in 
dwelling  space.  For  example,  sound 
insulation  of  partitions  and  that  of  floors  and 
so  on.  Noise  and  vibration  in  housing  are 
very  serious  problems,  so  that  it  is  desired 
the  housing  of  high  satisfactory  with 
amenity  and  friendly  for  human.  Therefore, 
it  is  necessary  to  develop  building  materials 
with  sound  insulation  and  vibration 
damping. 

In  this  paper,  it  was  paid  attention  to 
the  vibration  of  flooring  structures  in  living 
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environment.  It  was  investigated  the 
correlation  between  the  vibration  of  walking 
on  the  flooring  structure  and  walking  feeling. 
We  suggested  one  of  the  design  concepts  of 
comfortable  flooring  structure. 

2.  EXPERIMENTAL  METHOD 

2.1  Flooring  structure 
Flooring  structure  is  consisted  of  one  surface 
board  and  four  pieces  of  joist  materials.  The 
size  of  the  surface  board  is  almost  one  mat 
of  Japanese  tatami.  Figure  1  shows  the  size 
of  a  flooring  structure.  The  surface  board  is 
used  the  plywood  and  the  joist  materials  are 
used  steel,  iron  and  wood.  Table  1  shows 
joist  materials.  In  Type-A  and  -B,  joist 
material  is  the  same  steel,  but  the  thickness 


Fig.l  Geometry  of  the  flooring  structure. 


Table  1  Objective  structure  type  and 
geometry  of  joist  materials. 


Type 

Joist  material 

Geometry  of  joist 
(wxhxt) 

A 

Steel 

40  x  89X0.8 

B 

Steel  (with  damper) 

40  x  89X1.8 

C 

Iron 

50  x  100  x  5.0 

D 

Wood 

38  x  89 

is  different  size.  In  the  case  of  Type-B,  the 
small  rectangular  elastomer  sheets  are  used 


as  damper  materials  under  the  joist 
materials. 

2.2  Walking  experiment 

Firstly,  the  subject  stands  up  on  the  surface 
board  and  then  walks  on  these  flooring 
structures  by  barefoot  until  getting  the 
enough  satisfactory.  After  walking,  the 
subject  writes  down  the  feeling  responses. 
The  subject  is  impossible  to  see  the  joist 
material  for  putting  on  the  cover  sheet.  If  the 
subject  can  see  the  joist  material  before  the 
testing,  there  is  a  possibility  with  the 
prejudice  to  the  structure.  Using  four  items 
and  seven  steps  did  estimation  of  flooring 
structures.  It  was  paid  attention  to  the  degree 
of  pitching  and  the  amenity  of  the  pitching. 
Moreover,  there  were  the  same  two  items  on 
the  deflection. 

2.3  Measurement  of  vibration 

Several  pick-up  transducers  were  set  to 
measure  the  vibration  wave  on  the  surface 
board.  In  one  way  walking,  there  were  three 
steps.  The  measurement  was  done  for  two 
shuttling.  After  the  measurement,  FFT 
analysis  was  processed. 

3.  RESULTS 

Figure  2  shows  relation  between  the 
amenity  level  and  the  degree  level.  It  was 
tend  to  decrease  the  amenity  level  with 
increasing  degree  of  deflection  and  pitching. 
Type-B  is  the  most  comfortable  structure, 
while  Type-A  is  not  the  most  comfortable 
one. 
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1  2  3  4  5  6  7 

Deflection  level 


Pitching  level 

Fig.2  Relationship  between  the 
amenity  and  the  degree. 


Vibration  wave  of  Type-B  is  shown  in 
Figure  3.  It  took  about  three  second  on  one 
way  and  about  four  second  until  the  next  one 
way.  The  amplitude  is  small  and  vibration  is 
damped  immediately.  However,  in  Type-A, 
it  was  tendency  that  the  amplitude  was 
larger  than  that  of  Type-B  and  the  vibration 
was  not  damped  immediately. 


Time  (sec.; 


Fig.3  Vibration  wave  of  Type-B. 


4.  Discussion 

4.1  Normalized  amplitude 
It  was  suggested  the  estimation  between  the 
amplitude  and  walking  feeling.  Here,  it  was 
paid  attention  to  the  correlation  between  the 
maximum  amplitude  of  the  first  step  and 
walking  feeling.  However,  the  amplitude  of 
the  subject  is  depended  on  the  various 
factors,  so  that  we  suggested  the  normalized 
amplitude.  The  value  is  calculated  the 
maximum  amplitude  of  the  first  step  over 
weight  of  the  subject.  Variation  of  the 
amenity  level  on  the  normalized  amplitude 
is  shown  in  Figure  4.  There  are  two  kinds  of 
area  in  this  figure.  One  is  the  area  of  lower 
normalized  amplitude.  The  other  is  the 
higher  area.  In  the  former,  variation  range  is 
wide.  On  the  other  hand,  in  the  latter, 
variation  range  is  narrow  or  almost  constant. 
Therefore,  it  is  considered  that  human  can 
estimate  the  sensitivity  feeling  on  the  small 
amplitude.  However,  in  the  large  amplitude, 
human  feel  almost  not  comfortability. 


Normalized  amplitude  (x10“3  mm/kgf) 


Fig.4  Variation  of  amenity  level  of 

deflection  on  normalized  amplitude. 
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4.2  Bending  rigidity  and  vibration  damping 
Relationship  between  the  logarithmic 
decrement  and  bending  rigidity  is  shown  in 
Figure  5.  Both  were  measured  and 
calculated  the  logarithmic  decrement  of 
flooring  structure  and  the  bending  rigidity  of 
the  joist  material,  respectively.  It  is  tendency 
that  logarithmic  decrement  is  gradually 
down  with  increasing  bending  rigidity. 
However,  in  Type-B  with  putting  on  the 
damping  material,  it  is  cleared  that 
logarithmic  decrement  can  be  improved  with 
keeping  higher  rigidity 


Fig.5  Relationship  between  the  logarithmic 
decrement  and  bending  rigidity. 

4.3  Design  concept  of  comfortable  flooring 
structure 

Figure  6  shows  relationship  between  the 
amenity  level  and  bending  rigidity  on  both 
of  the  deflection  and  pitching.  With 
increasing  bending  rigidity,  the  amenity  is 
higher.  In  addition,  if  vibration  damping  is 
higher  so  that  the  amenity  is  further 
improvement.  Therefore  we  suggest  design 
concept  as  follows;  firstly,  deflection  should 


be  small  on  the  initial  walking.  Secondary, 
pitching  should  be  decreased  immediately 
when  walking  and  after  walking. 


Bending  rigidity  (  xIO5  N-mJ) 

Fig.  6  Design  target  of  comfortable 
flooring  structure. 

5.  CONCLUSIONS 

It  was  clear  that  human  evaluate  the 
amenity  of  flooring  structure  sensitivity  in 
the  little  variation  of  amplitude.  It  was 
possible  to  design  the  comfortable  flooring 
structure  with  improving  bending  rigidity  of 
joist  material  and  logarithmic  decrement 
simultaneously. 
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Abstract 

Honeycomd  sandwich  panel  (HSP) 
is  composed  of  two  facing,  honeycomd  core 
(HC),  and  adhesive  layer.  HC  has  light 
weight  and  high  strength,  high  stiffness  in 
the  thickness  direction.  HSPs  have  deen 
applied  to  leisure  industrial  field  now.  In 
case  that  HSP  is  applied  to  practical 
structures,  a  large  numder  of  geometric  and 
designing  parameters  such  as  facing  and 
core  material,  core  thickness,  wall  thickness 
and  core  size  and  so  on  must  de  considered. 
The  finite  element  method  (FEM)  is 
powerful  tool  in  the  prediction  of 
mechanical  response  of  HSP.  The 
heterogeneity  structure  of  HSP  must  de 
considered  in  the  numerical  simulation.  The 
estadlisbment  of  the  modeling  method  will 
de  a  very  important  key  to  the  structural 
designing  with  HSP.  In  this  study,  a 
numerical  modeling  method  of  HSP  is 
proposed  that  eigenvidration  analyses  are 
performed.  The  validity  of  the  proposed 
modeling  method  is  checked  dy  comparison 
with  experimental  results. 

Key  Words:  FEM,  HSP,  Eigenvibration  mobe, 
Eigenfrequency 

Introbuction 

Recently  compound  designing  have 
deen  increasingly  important  methods.  The 
sandwich  panel  is  the  most  popular 
compound  structure,  decause  the  fadrication 


is  easy  and  the  sandwich  panel  assemdled 
different  facing  and  core  materials  can  have 
various  mechanical  properties.  Especially 
it  has  deen  said  that  the  HSP  can  have 
excellent  mechanical  properties,  for  example 
high  specific  modulus  and  low  damping,  and 
so  on.  We  think  that  can  apply  HSP  to 
leisure  field  for  that  reason.  In  the  process  of 
designing  the  prediction  is  indispensadle. 
The  FEM  is  an  effective  and  powerful  tool 
in  this  prediction.  In  the  FEM,  a  modeling 
of  the  HC  will  de  an  important  key. 
Moreover  facing,  adhesive  layer  and  core 
must  de  individually  represented  dy  the 
finite  elements  in  order  to  check  the 
influences  of  these  components  upon  the 
whole  mechanical  dehaviors. 

In  this  study,  a  new  numerical 
modeling  method  of  CFRP/aluminum 
honeycomd/CFRP  sandwich  panel  is 
proposed  and  eigenvidration  analyses  are 
performed.  The  validity  of  the  proposed 
modeling  method  is  checked  dy  the 
comparison  with  experimental  results. 
Moreover  the  influences  of  the  geometric 
parameters  in  honeycomd  core  on  the 
eigenfrequency  are  discussed. 

Mobeling  methob 

The  HSP  is  composed  of  two 
facings,  honeycomd  core  (HC)  and  adhesive 
layers.  Namely  this  panel  has  a 
heterogeneous  property.  In  case  that  the 
mechanical  dehavior  of  the  HSP,  the 
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modeling  method  of  the  heterogeneity  is 
important  [1].  In  the  proposed  modeling, 
the  heterogeneity  is  represented  dy  the 
construction  of  two  kinds  of  elements. 
Fig.  1(a)  shows  the  dasic  concept  of  this 
modeling  method.  At  first  the  facings  are 
modeled  dy  shell  elements.  Then  adhesive 
layer  and  HC  are  modeled  dy  using  two 
kinds  of  deam  elements.  HC  has 
constant  periodicity.  Considering  this 
periodicity,  HC  can  de  dispersed  dy  deam 
elements.  In  this  modeling,  19  honeycomds 


cell  is  defined  to  de  a  cross-sectional  area  of 
deam  element,  as  shown  in  Fig.  1(d). 
Therefore,  automatically  facings  must  de 
modeled  dy  using  triangular  shell  elements. 
Similarly  adhesive  layer  modeled  dy  using 
deam  elements  with  a  hatched  cross- 
sectional  area,  as  shown  in  Fig.  1(c).  In  this 
model,  two  layered  shell  elements 
corresponded  to  facings  are  connected  dy 
three  deam  elements  in  thickness  direction. 


Honeycomb  beam  Adhesive  beam 
(b)  Schematic  illustration  of  beam  element 


•  node  (position  of  deam  element) 
^  shell  element  (facing) 


(c)  Cross-section  of  honeycomb  beam 
element 

Fig.  1  Basic  concept  for  numerical  modeling 
method. 


Analytical  procebure 

Fig.2  shows  the  geometry  of  the 
HSP  used  in  this  study.  Fig.3  shows  the 
finite  element  model  used  in  this 
simulation. As  already  mentioned,  19  cells 
are  modeled  dy  one  deam  element 
corresponded  to  HC.  Here  X,  Y  and  Z-axis 
show  the  longitudinal,  width  and  thickness 
direction,  respectively.  By  using  this 
model,  we  performed  the  eigenvidration 
analyses  under  the  free  doundary  condition, 
calculated  eigenfrequencies  corresponded  to 
the  1st  torsional  mode  and  1st  dending  mode 
with  a  main  curvature  in  the  longitudinal 
direction.  On  the  other  hand,  we  make  an 
experiment  in  order  to  investigate  the 
propriety  of  the  proposed  modeling  method. 
The  facings  were  supplied  dy  Toray 
Industries  Inc.  and  consisted  of  ‘T- 
700‘cardon  fider  donded  in  common  epoxy 
resin  ‘#2500‘.  The  fider  volume  fraction  Vf 
are  equal  to  67%  constantly.  Aluminum 
honeycomb,  AL1/8-5052-001  was  supplied  by 
SHOWA  Aircraft  Industry  Co.,  Ltd. 
Adhesive  layer  was  a  toughened  epoxy  film, 
FM53  supplied  by  CYTEC  FIBERITE  Inc.  In 
this  experiment,  the  vibration  testing 
system  (AD3542,  A&D  Inc.)  was  used.  The 
plate  measured  was  suspended  with  a  fine 
strings,  this  condition  was  equivalent  with 
the  free  boundary  condition  in  the  analysis. 
A  center  of  the  plate  was  condition  was 
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impacted  dy  an  impact  hammer 
and  out-plane  acceleration  outputs 
were  recorded  dy  the  accelerometer 
attached  on  the  plate.  From  doth  the 
o.25  input  and  output,  eigenfrquencies 
0.25  corresponded  to  the  1st  torsion  and  1st 
1  dending  modes  were  calculated. 


Cell  size  ;  b=3  HC ;  ALHC  Facing ;  CFRP  (Vf  =67%) 

Wall  thickness ;  w=0.0254  Fiber-orientation  angle  ;  0=0  beg. 

facing  thickness ;  t=0.5, 1 .0, 1 .5  Abhesive  layer ;  Epoxy  Film  (FM-73) 

Fig.2  Geometry  of  the  whole  specimen 


Shell  element 


Fig.3  Numerical  model  used  in  this  study 


Analytical  results 

Fig.4(a)  and  (d)  shows  the  1st 
torsion  and  1st  dending  modes  of  the 
HSP  with  1mm  facings  odtained  from 
the  analysis.  In  this  analysis,  it  was 
found  that  the  1st  torsional  mode  and 
1st  dending  mode  with  the  main 
curvature  in  the  longitudinal  direction, 
respectively.  The  thickness  of  facing 
cannot  depend  on  this  order.  This 
result  could  de  a  Iso  odtained  from  the 
measurement.  Tadle  I  shows  the 
comparison  of  eigenfrequencies 
detween  analytical  and  experimental 
results.  Judging  from  this  tadle,  it  is 
confirmed  that  doth  the 
eigenfrequencies  agree  well.  This 
indicates  that  the  proposed  model  could 
predict  the  1st  torsion  and  1st  dending 
eigenfrequencies. 


(a)  1  st  torational  mode  (d)  1  st  dending  mode 

Fig.4  Eigenvidration  mode  shapes  odtained  from  the  proposed  model 


Tadle  1  Comparison  of  eigenfrequencies 


Type 

Sample 

Thickness 

Eigenfrequency[Hz[ 

1  st  torsional  1  st  benbing 

FEM  Exp  Error(%)  FEM  Exp  Error(%) 

CF-0.5 

0.5/5/0.5 

736.93 

766.98  3.92 

1853.73  1874.70 

1.12 

CF-1.0 

CF/ALHC/CF 

1. 0/5/1 .0 

558.08 

584.57  4.53 

1190.44  1239.69 

3.97 

CF-1.5 

1. 5/5/1 .5 

652.51 

705.51  7.51 

1274.40  1370.71 

7.03 
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Discussions 

The  HSP  has  various  geometric 
parameters.  Wall  thickness,  height  and  cell 
size  representative.  An  influence  of  these 
parameters  on  the  eigenvidration  mode  and 
the  eigenfrequency  are  predicted  dy  using 
the  proposed  model.  The  treating  method 
is  very  easy.  The  changes  of  wall  thickness 
and  cell  size  can  de  represented  dy  changing 
the  moment  of  inertia  and  cross-sectional 
area.  The  change  of  height  can  de 
represented  dy  changing  deam  length.  At 
first,  the  influences  of  the  wall  thickness  and 
core  height  are  predicted  dy  using  the 
proposed  model.  The  thickness  of  facing  is 
constantly  1mm.  The  cell  size  is  also  fixed 
to  de  3mm.  Fig.5(a)  and  (d)  shows  the  1st 
torsional  and  1st  dending  eigenfrequencies 
with  changing  the  core  height  and  wall 
thickness,  respectively.  In  case  that  the 
wall  was  changed  from  0.0254mm  to 
0.0508mm,  it  was  found  that  the  increasing 
to  ratio  in  doth  the  eigenfrquencies  was  very 
small.  On  the  other  hand,  in  case  that  the 
core  height  was  changed  from  5mm  to 
10mm,  it  was  found  that  the  increasing  ratio 
corresponded  to  the  torsional  mode  is 
smaller  than  that  corresponded  to  the 
dending  mode.  This  results  indicates  that 
the  increasing  the  core  thickness  causes 
higher  dending  stiffness  rather  than  torsional 


0.0252  0.0508 

Wall  thickness  [mm[ 


stiffness.  It  is  said  that  the  solution  time  is 
generally  short  as  compared  with  that  of  the 
previous  numerical  model.  This  convenience 
will  be  a  powerful  besign  besigning  tool. 

Conclusions 

In  order  to  predict  the  mechanical 
properties  of  HSP,  the  new  numerical  model 
was  proposed.  The  model  constructed  dy  the 
shell  and  two  types  of  deam  elements  can 
consider  the  HSP.  The  eigenvidration  mode 
and  eigenfrequencies  of  the 
CFRP/Aluminum  honeycomd/CFRP 

sandwich  panels  were  simulated,  compared 
with  the  experimental  results.  Therefore  it 
was  found  that  the  vidration  properties  of 
CFRP/Aluminum  honeycomd/CFRP 

sandwich  panels  could  de  accurately 
odtained  in  a  short  time.  By  using  the 
proposed  model,  the  influences  of  the 
geometric  parameters  in  HC  upon  the 
eigenvidration  properties  were  simulated. 
Therefore  the  influences  of  wall  thickness, 
core  height  and  cell  size  were  individually 
clarified. 
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(a)  1st  torsional  eigenfrequencies  (d)  1st  dending  eigenfrequencies 

Fig.5  Analytical  results  of  doth  the  eigenfrequencies  in  case  of  that  cell  size  l=3mm 
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Abstract 

FRP  shaft  greatly  enhances  performance  of 
a  golf  chib.  If  the  performance  of  a  golf  club  could 
be  evaluated  precisely,  the  optimum  design  of  the 
shaft  would  be  possible.  Golf-swing  robots  are 
used  for  evaluating  the  performance  of  golf  clubs. 
Since  the  robot  is  controlled  according  to  swing 
speed  or  joint  path,  the  robot  can  not  perform  a 
smooth  swing  motion  that  is  adapted  to  the 
characteristics  of  the  golf  club  like  a  skinful  golfer 
can.  In  this  study,  a  new  golf-swing  robot  with 
skills  similar  to  those  of  advanced  golfers  was 
examined  by  three-dimensional  analysis. 

Key  Words:  Golf-Swing  Robot,  Wrist  Turn, 
Supination  Torque,  Tree-Dimensional  Analysis. 

Introduction 

Generally,  dynamic  characteristics  of  the 
shaft  of  a  golf  club  are  considered  to  be  important 
for  harmonizing  characteristics  of  golfers  and  golf 
clubs.  Flexural  and  torsional  rigidity  of  the  shaft 
can  be  freely  designed  by  using  FRP.  The 
optimum  design  of  the  shaft  seems  to  possible 


if  the  characteristics  of  human  motion  in  a  golf 
swing  is  clarified  Many  studies  on  golf-swing 
analysis  have  therefore  been  carried  out  [1,2,3],  In 
most  studies,  however,  qualitative  tendencies  of 
joint  movements  can  be  determined,  but  skills  of 
advanced  golfers  can  not  be  examined  owing  to 
error  of  the  model.  On  the  other  hand,  a  golf-swing 
robot  that  can  accurately  repeat  the  same  swing 
motion  is  used  in  performance  evaluation  of  golf 
clubs.  A  golf-swing  robot  is  controlled  by 
inputting  data  on  swing  speed  and  target  path. 
Thus,  the  robot  can  not  naturally  adjust  it’s  swing 
motion  to  characteristics  of  the  test  club  as  a 
skillful  golfer  can  do.  Results  of  performance 
evaluation  of  golf  clubs  using  a  golf-swing  robot 
are  therefore  not  completely  reliable.  In  previous 
studies  [4,5],  the  mechanism  of  wrist  joint 
movement  and  torque  planning  of  the  shoulder 
joint  were  clarified  from  the  results  of  two- 
dimensional  analysis.  In  this  study,  it  was 
examined  whether  the  mechanism  and  the  torque 
planning  were  effective  or  not  for  three- 
dimensional  model  that  considers  supination  of  the 
left  forearm.  In  addition,  torque  planning  for 
supination  was  clarified. 
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* 

A 


Fig.l  Dynamic  Model  of  a  Golf-Swing  Robot 
Modeling 


Fig.2  Comparison  of  Release  Time  of  the  Wrist 


A  simplified  dynamic  model  of  file  robot  is 
shown  in  Fig.l.  Only  the  left  arm  rotates,  and 
motion  of  the  right  arm,  torso  and  lower  half  of  the 
body  is  disregarded.  The  arm  and  the  hand  are 
modeled  as  a  rigid  link.  Since  supination  of  the  left 
forearm  is  modeled,  in-plane,  out-of-plane  and 
torsional  vibration  of  the  shaft  are  considered.  lt 
and  Z.j  (i  =1,2,3)  are  mass,  moment  of  inertia  and 
length  of  each  part  respectively.  £/  and  G/P 
represent  flexural  and  torsional  uniform  rigidity  of 
the  shaft,  respectively. 

Verification  of  Wrist  Turn 

Skills  of  Wrist  Turn 

Results  of  simulation  using  a  two-dimensional 
model  have  shown  that  swing  motion  of  the  robot 
is  most  efficient  when  the  wrist  turn  starts  at  the 
zero-cross  point  of  displacement  of  flexural  shaft 
vibration.  It  has  also  been  shown  that  efficient 
wrist  turn  can  be  achieved  only  by  using  stopper  at 
the  wrist.  Then,  release  of  the  wrist  in  the  wrist  turn 
is  assumed  to  be  started  by  a  brake  system  or  a 
stopper.  In  the  case  of  a  brake  system,  the  wrist  is 
fixed  at  the  start  of  the  downswing  and  is 
compulsorily  released  at  the  zero-cross  point  In 
the  case  of  a  stopper, 


the  wrist  is  naturally  released  when  there  is  a  laige 
instantaneous  change  in  interference  between 
joints.  Release  timing  of  the  wrist  in  simulations 
using  these  two  methods  are  shown  in  Fig.2.  Since 
the  release  time  between  two  methods  under  the 
various  conditions  of  E!  does  not  greatly  change, 
natural  wrist  turn  starts  at  the  zero-cross  point  in 
three-dimensional  analysis. 

Effect  of  Whole  Body  Motion 
Since  the  robot  can  not  utilize  movement  of  the 
torso  and  lower  half  of  the  body,  torque  function  at 
the  shoulder  has  to  include  Ihe  effect  of  these 
movements  in  order  to  emulate  skillful  golfers. 
The  results  of  twodimensional  analysis  showed 
that  the  multiple  modulation  torque  results  in  delay 
in  the  release  of  the  wrist  and  faster  head  speed 
even  if  the  work  of  the  shoulder  is  little.  It  was 
examined  whether  this  torque  function  of  the 
shoulder  is  effective  in  a  three-dimensional  model. 
As  shown  in  Fig.3,  the  torque  function  is  planned 
as  a  multiple  modulation  and  trapezoid  type  for 
comparison.  In  Fig.4,  head  speed  at  impact  is 
analytically  compared  between  two  torque 
functions  under  the  same  condition  of  degree  of 
effort  (DOE)  that  is  calculated  in  equation  (1).  As 
the  results,  the  head  speed  that  is  accelerated  by 
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Time  [sec] 


(Trapezoid) 

Fig3  Torque  Function  of  the  Shoulder 


Fig.4  Comparison  of  Head  Speed  at  Impact 

D0E=|  Qt(f)dt  (1) 

the  multiple  modulation  torque  is  always  fester 
than  the  head  speed  accelerated  by  the  trapezoidal 


Function  1  Function  2 


A 


Function  3 


Function  4  Function  5 

Fig.5  Torque  Function  for  Supination 

torque.  Consequently,  the  multiple  modulation 
torque  that  includes  the  effect  of  the  whole  body 
motion  can  achieve  a  skillful  swing  motion. 

Supination  of  the  Forearm 
Torque  Function 

In  supination  of  the  left  forearm,  the  wrist  rotates 
%  12  rad  from  the  start  of  the  downswing  to  the 
point  of  impact  Maximum  torque  value  (Tmax)  is 
compared  among  five  kinds  of  torque  functions  as 
shown  in  Fig.5.  As  shown  in  Fig.6,  a  large 
difference  occurred  between  the  values  of  Tmax  in 
function  number  1  and  number  2.  Torque  function 
2,  which  generates  maximum  torque  at  the  start, 
requires  only  25  %  of  the  torque  value  of  function 
1,  which  generates  maximum  torque  at  impact 
The  difference  between  the  value  of  torque  in  the 
two  functions  is  caused  by  centrifugal  force  of  the 
club  head,  which  acts  as  a  reverse  moment  against 
the  supination.  The  reverse  moment  is  mainly 
generated  by  out-of-plane  vibration  of  the  shaft. 
Therefore,  the  value  of  DOE  decreases  as  the  value 
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Fig.6  Comparison  of  Tmax  in  Supination 


(x  1 0-2) 


Fig.7  Effect  of  Reverse  Moment 

of  Ef  increases  and  also  the  value  of  DOE  becomes 
very  low  when  the  out-of-  plane  vibration  is 
disregarded  as  shown  in  Fig.7.  As  a  result,  torque 
function  2  is  the  most  suitable  for  supination  of  Ihe 
forearm. 


(x10J) 


U - - - 1 - . - 1 - . - 1 - . - 1 - 1 

0  0.2  0.4  0.6  0.8 

Tu  [sec]  MO'2) 

Fig.  8  Optimum  Tu  for  Supination  Torque 

in  the  acceleration  time. 

Conclusions 

The  following  results  were  obtained  from  three- 

dimensional  analysis  of  a  golf-swing  robot. 

(1)  Natural  wrist  turn  in  efficient  swing  motion 
starts  at  the  zero-cross  point  of  shaft  vibration. 

(2)  Multiple  modulation  torque  is  also  effective  to 
emulate  skillful  wrist  turn  in  3D  robotic 
motion. 

(3)  The  shape  of  the  torque  function  that  generates 
maximum  torque  at  the  start  of  the  wrist  turn  is 
most  suitable  for  supination  of  the  forearm. 

(4)  There  is  an  optimum  acceleration  time  for 
supination  of  the  forearm. 


Acceleration  Time 

In  supination  of  the  forearm,  the  face  plane  of  a 
club  head  must  rotate  nil  rad.  Fig.8  shows 
changes  in  DOE  when  Tu  of  function  2  is  changed. 
The  figure  shows  that  there  is  an  optimum 
acceleration  time  that  minimizes  DOE.  When  the 
acceleration  time  is  long,  the  robot  can  not  utilize 
the  above  mentioned  advantage.  On  die  other  hand. 
The  short  acceleration  generates  large 
displacement  of  the  shaft  vibration  and  the  reverse 
moment.  Consequently  the  optimum  value  exists 
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Abstract 

A  new  matrix  resin,  #350  was  introduced. 
We  succeeded  to  develop  a  new  high 
toughness  matrix  resin,  #350,  which  has  an 
excellent  adhesion  to  carbon  fibers.  Carbon 
fiber  reinforced  plastics  of  #350  matrix  show 
the  very  high  tensile  strength  in  the 
perpendicular  direction  of  carbon  fibers  and 
golf  shafts  of  #350  as  matrix  resin  show  the 
very  high  performance  because  of  very  high 
toughness  and  adhesion  of  #350.  For 
example  torsion  strength  of  the  shafts  is 
amazingly  high  to  compare  with  previous 
shafts.  Besides  the  fact  that  the  low  resin 
content  of  #350  prepreg  does  not  necessarily 
drop  the  flexural  strength  of  shafts  may 
contribute  to  make  lighter  shafts  than  before. 

Key  Words:  Toughness,  Adhesion,  Prepregs, 
Golf  Shafts,  Torsion  Strength 

Introduction 

Carbon  fiber  reinforced  plastics  (CFRP)  are 
widely  used  in  the  fields  of  sports  and  leisure 
goods  and  industrial  parts  of  automobiles, 
airplanes,  etc. . . 

One  of  the  most  important  properties  of 
CFRP  is  high  strength  in  spite  of  lightness. 
As  for  unidirectional  CFRP  which  is  very 
fundamental  composite,  the  tensile  strength 


along  carbon  fibers  is  controlled  in  the 
strength  of  carbon  fibers  themselves,  and  the 
adhesive  strength  between  carbon  fiber  and 
matrix  resin  is  a  main  factor  of  the  tensile 
strength  in  the  perpendicular  direction  of 
carbon  fiber. 

Because  the  perpendicular  strength  is  lower 
than  the  parallel  strength  in  more  than  one 
order,  the  perpendicular  failure  is  the  initial 
crack  to  break  CFRP  of  complex  laminates 
and  cloth  composites  in  many  cases. 
Therefore  the  perpendicular  strength,  that  is 
to  say  the  adhesive  strength  between  carbon 
fiber  and  matrix  resin  is  very  important 
property  for  ail  strength  of  composite 
materials. 

We  succeeded  to  develop  a  new  matrix  resin, 
#350.  #350  has  amazing  toughness  and  very 
high  adhesion  to  carbon  fibers.  And  the 
mechanical  properties  of  neat  #350  resin  and 
composites  of  #350  were  introduced. 

EXPERIMENTAL 

Resins 

#350  is  a  proprietary  epoxy  resin  of 
Mitsubishi  Rayon  Co.  And  the  composition 
of  a  control  sample  was  as  follows.  Epoxy 
resins  were  Bis-phenol  A  type  epoxy  resin 
and  phenolic  novolak  type  epoxy  resin,  and 
hardeners  were  Dicyandiamide  and 
DCMU(Dichloro  Dimethyl  Urea).  It  is  very 
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popular  composition  of  matrix  resin  in 
general  use  for  hot  melt  type  prepreg. 

Carbon  Fibers 

TR50S  of  Mitsubishi  Rayon  Co.  was  used  as 
reinforcing  carbon  fiber.  Its  modulus  is  240 
GPa  and  the  strength  is  4900  MPa. 

Prepregs 

Prepregs  were  made  by  hot  melt  process.  It 
does  not  use  the  solvent.  The  fiber  areal 
weight  was  150g/sq.  m  and  the  resin  content 
was  30  wt%. 

RESULTS  and  DISCUSSION 

Neat  Resin  Properties 

Mechanical  properties  and  glass  transition 
temperature,  Tg  are  summarized  in  Table  1. 

Table  1  Neat  Resins  Properties  of 
#350  and  Control  Sample 


#350 

Cont. 

Flexural  strength 

MPa 

150 

160 

Modulus 

GPa 

3.2 

3.3 

Elong. 

% 

14 

8.1 

Glc 

J/sq.  m 

650 

400 

Tg 

deg.  C 

135 

120 

#350  showed  amazingly  high  toughness.  The 
flexural  elongation  and  the  Glc  of  #350  were 
much  higher,  especially  the  Glc  of  #350  was 
1.5  times  higher  than  that  of  control  sample. 
That  is  the  reason  #350  has  excellent 
adhesion.  Moreover  the  glass  transition 
temperature  of  #350  was  higher  than  that  of 
control  sample. 

Such  a  high  toughness  of  #350  is  come  from 
the  component  of  epoxy  resin  which  has 
special  molecular  structure,  not  addition  of 
the  component  like  rubber.  Toughness  could 
dramatically  increase  keeping  heat  resistance 
by  taking  the  special  molecular  structure 


epoxy  resin. 

CFRP  Properties 

Uni-directional  CFRP  were  molded  from 
prepreg  and  evaluated.  The  results  were 
summarized  in  Table  2.  As  for  the  properties 
along  carbon  fibers,  which  mean  0  degree, 
the  fiber  volume  content  was  standardized  at 
60%. 


Table  2  Mechanical  Properties  of 
Uni-directional  CFRP 


#350 

Cont. 

0°  Ten.  Strength 

MPa 

2800 

2800 

Modulus 

GPa 

145 

145 

90°  Ten.  Strength 

MPa 

85 

72 

0°  Comp.  Strength  MPa 

1600 

1620 

Short  Beam  Shear 

MPa 

92 

94 

CFRP  of  #350  showed  very  high  90  degree 
tensile  strength.  It  is  due  to  the  excellent 
adhesion  of  #350. 

User  Evaluation  in  shafts 
Compare  to  the  general  prepreg  that  has  been 
adopted  by  users,  the  evaluation  of  the  #350 
prepreg  are  as  follows: 

*  Collapse  strength  of  the  pipes  increased  to 
1.7  times. 

♦Torsion  strength  of  the  shafts  increased  to 
1.5  times,  and  the  torsion  breaking  energy 
doubled. 

♦Impact  strength,  especially  at  the  shaft  butt 
part,  increased  by  more  than  30%. 

♦Even  though  decreasing  the  resin  content  of 
prepreg,  the  flexural  strength  of  shafts  does 
not  lower.  This  enables  shafts  to  be  lighter 
than  previous  ones. 
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All  those  admirable  comments  from  users  are 
due  to  the  high  toughness  and  high  adhesion 


of  the  #350. 


Conclusion 

We  succeeded  to  develop  a  new  high 
toughness  matrix  resin,  #350,  which  has  a 
high  adhesion  to  carbon  fibers.  The  neat  resin 
properties  of  #350  had  high  flexural 
elongation  and  Glc,  and  in  the  composite 
properties,  90  degree  tensile  strength  marked 
high  level. 

Also,  the  collapse  strength  of  the  pipe, 
torsion  strength  of  the  shafts,  and  the  impact 
strength  are  all  improved. 

And  the  fact  that  the  lower  resin  content  of 
#350  prepreg  does  not  necessarily  drop  the 
flexural  strength  of  shafts  may  contribute  to 
make  lighter  shafts  than  before. 
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Abstract 

Triaxial  woven  fabric  composites  are 
applied  to  the  golf  club  shafts.  Though 
many  researchers  report  the  static 
characteristics  of  triaxial  woven  fabric 
composites,  the  dynamic  behavior  of  those 
materials  is  not  clear.  In  this  paper  we 
propose  an  identification  method  of 
equivalent  elastic  parameters  for  triaxial 
woven  fabric  composites  and  modeling 
method  of  sheet  winding  cylindrical  beams 
for  golf  club  shafts.  First,  an  excitation  test 
of  triaxial  woven  fabric  composite  plate  is 
carried  out.  Next,  equivalent  elastic 
parameters  of  the  plate  are  identified.  Using 
these  identified  parameters,  natural 
frequencies  of  golf  club  shafts  made  of 
triaxial  woven  fabric  composite  and 
uni-directional  composite  are  calculated  and 
compared.  Then  the  characteristics  of 
woven  fabric  composites  for  golf  club 
shafts  are  discussed. 

Key  Words:  Vibration,  Triaxial  Woven 
Fabric  Composites,  Golf  Club  Shaft,  FEM 

Introduction 

The  golf  club  shaft  is  one  of  the 
most  important  applications  for  the 
composite  materials  in  sport  fields.  The 
uni-directional  carbon  fiber  reinforced 
plastics  (CFRP)  are  used  as  the  main 


materials  for  the  shafts.  These  materials 
enabled  lightening  and  high  stiffness  of  the 
shafts  in  comparison  with  the  metallic 
materials.  But  their  low  shearing  stiffness 
causes  the  torsion  deflection  of  golf  clubs 
that  controls  directional  stability  of  balls.  In 
order  to  make  high  specific  stiffness  shafts 
compatible  with  the  stability,  we  applied 
triaxial  woven  fabric  composites  for  CFRP 
golf  club  shafts  because  of  their  high 
shearing  modulus  relative  to  the  tensile 
modulus. 


Theory 


Identification  Method 

The  stress  and  strain  relation  matrix 
of  an  orthotropic  lamina  in  the  material 
principle  direction  LTV  is  given  by 


Q= 


Qu  Q12  0  0  0 

0 12  022  0  0  0 

0  0  044  0  0 

o  0  0  055  0 

0  0  0  0  066  J 


Qu= 

022= 


El 


1-vltvtl 

Et 


012= 


vltEt 

1-VZ.7V71 


1-vltvtl 

044=GV  ,  Qs5=Gvl  ,  Q66=GlT 


(1) 


(2) 

(3) 


The  stiffness  matrix  in  the  direction 
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of  the  elemental  coordinate  axes  xyz  is 
given  by  transforming  the  stiffness  matrix 
Qr  with  the  transfer  matrix  Tr. 


J  Nth 

x)  =  —'Ej  Sr?  X 

n=l 


(10) 


Qr=TrTQrTr  (4) 

For  unsymmetrically  laminated  shells, 
we  can  obtain  the  generalized  stress-strain 
relation  matrix  of  a  shell  element  model 
using  first  order  shear  deformation  theory. 


where  Nm  is  the  total  number  of  modes. 

Quasi-Newton  method  takes  an  initial 
approximation  xo,  and  attempts  to  improve 
xo  by  the  iteration  formula  using  a  search 
direction  vector  d  and  a  step  size  parameter 
X  chosen  by  the  line  searcher  algorithm. 


D= 


Dp  Dc  0 
DcDb  0 
0  0/), 


(5) 


{DP,Dc,Db^ £  /*'  QyA  U^dz  t  ti=  1,2,6  ' 


xk+\=Xk+Xkdk  (11) 

A  search  direction  vector  dk  can  be  given  as 
a  solution  of  the  equation  followed  by 

Hkdk=-Jr  Xk  fxk  (12) 


Qyr  dz  { iJ-4,5 )  (6) 

r=l 

where  z  is  the  distance  from  the  neutral 
surface  to  each  lamina  and  Ntl  is  the  total 
number  of  laminae. 

The  eigenvalue  problems  of 
laminated  shells  are  defined  as  follows, 

KsSn=XnMsSn  (l) 

Ks=fBTDB  dv  ,  Ms^fl^pN  dv  (8) 

Regarding  the  relationship  between 
natural  frequencies  and  elastic  parameters 
as  a  nonlinear  system,  quasi-Newton 
method  can  be  used  for  identifying  the 
equivalent  elastic  parameters  of  the  material 
principle  direction.  We  define  the  error 
function  as  the  difference  between  the 
vibrational  properties  /e«  measured  by  the 
excitation  test  and  calculated  ones  f  ( x) 
by  the  eigenvalue  analysis,  as  follows: 

gn(x)=fEn-j\x }  (9) 

Then,  the  identification  is  considered  as  a 
nonlinear  optimization  problem  to  find  a 
solution  x  that  minimizes  the  error  norm 
4>(x). 


where  H  and  J  are  the  Hessian  and 
Jacobian  matrices  of  error  function  g  (  xk) , 
respectively. 

Modeling  of  Equivalent  Beam  Element 

We  propose  the  elemental  stiffness 
matrices  and  mass  matrices  of  the 
equivalent  beam  element  for  sheet  winding 
laminated  cylindrical  shafts  considering  the 
tension-torsion  coupling  effect  as  follows. 


Ntl 

K*°t>DtlAr{z)BJBwdz  (13) 

r=l 

Ntl 

Ku=  £  ErJIr{z)BjBudz  (14) 

r=  1 

Ntl 

Kv=  £  Er$Ir(z)BjBvdz  (  15) 

r=  1 

Ntl 

Ks-  £  Dfyflpr  (z)Bs  TBsdz  ( 16) 

r=  1 

Ntl 

Kc=Y^DcSMz)B,jBsdz  (17) 

r=  1 

Ntl 

Mvr=  £prJX  ( z )  NwTNHdz  (18) 

r=  1 


488 


Ntl 

Mu-  Y^Pr$Ar{z)NuTNudz  (19) 

r=\ 

Nil 

Mv=  Y^PrfAr(z)NvTNvdz  (20) 

r=\ 

Ntl 

Ms=J^prjlPr{z)NsrNsdz  (2l) 

r=  1 


where  B  is  the  displacement-strain 
relationship  matrix,  N  is  the  displacement 
function.  Subscripts  w,  u,  v,  s  and  c  means 
the  elements  of  displacements  for  z  axis 
normal,  x,  y  axes  bending,  z  axis  torsion 
and  tension-torsion  coupling,  respectively. 
Ntl  is  the  total  number  of  laminae  and  Er, 
Gr  and  Pr  are  tensile,  shearing  modulus  and 
density.  And  tr(z) ,  dr(z ) ,  Ar(z) ,  Liz)  and 
Ipr(z)  are  thickness,  inside  diameter,  cross 
section,  moment  of  inertia  of  area  and  polar 
moment  of  inertia  of  area  of  the  r-th 
lamina,  respectively.  They  are  functions  of 
coordinate  z  for  taper  designed  shafts. 

The  stiffness  coefficients  ,  Dfy 


and  Dc  are  calculated  in  these  equations. 
^  AZ>22  DXD2D2 

rD22-D\Di  ’  c  D22-D\Di  ’ 


D22D3 

D22-DiD3 


(22) 


Di={Qn  Q262+Qn2Q66+Q\62Q22 
-011  022  066-2012  016  026) 

/  (  026  2-  022  066) 

^2=  (  01 1  0262+0122066+0162022 

-0n  ^2  066-2  012  016  06)  (24) 

/  (016  022-012  026) 

D2=  (011  026  2+  012  2  066  +  0162  022 
-  01 1  022  066-2  012  016  026  ) 
/(0122-0M  02) 


The  stiffness  matrix  and  mass  matrix 
of  the  structures  are  composed  of  each 
matrix  in  equations  (  13)  to  (21) . 


0 

0 

0 

Mu  0  0  0 

0  JSTv  0  0 

,  Me= 

0  Mv  0  0 

0  0  KwKc 

0  0  Mw  0 

0  0  KcKs 

0  0  0  Ms  _ 

(26) 

After  all,  the  eigenvalue  problems  of 
laminated  cylindrical  shafts  are  defined  as 
follows, 

Kdn-XnMSn  (27) 

where  the  stiffness  and  mass  matrices  of 
systems  are  calculated  with  elemental 
matrices  that  are  transformed  from 
elemental  coordinate  to  global  coordinate 
by  the  transforming  matrix  L. 

Nte  Nte 

K=Y^LTKeL  ,  M=J2tLTMeL  (2g) 

e=l  er\ 


Experiment  and  Analysis 

Experimental  Modal  Analysis 

In  order  to  measure  the  vibration 
characteristics  of  a  triaxial  woven  fabric 
composite  plate,  an  excitation  test  is  carried 
out.  The  test  specimen  for  excitation  test  is 
a  bi-plain  triaxial  woven  fabric  composite 
plate  (Sakase  Adtech  co.,  ltd.)  300  X  210 
X  0.5mm  in  size.  The  plate  was  excited  by 
a  loudspeaker  system  and  the  displacement 
response  was  measured  by  a  laser  sensor  so 
as  not  to  receive  the  effect  of  the 
experimental  devices  as  illustrated  in  Fig.l. 

The  results  of  the  excitation  test  are 
shown  in  table  1.  As  an  important  feature, 
it  is  mentioned  that  the  natural  frequency  of 
twist  mode  is  as  high  as  bending  mode. 

Identification  of  Equivalent  Elastic 
Parameters 

Equivalent  elastic  parameters  of  the 
plate  are  identified  using  the  natural 
frequencies  measured  by  the  excitation  test. 
The  results  of  the  identification  are  shown 
in  table  1  and  2.  The  identified  natural 
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frequencies  in  table  1  mean  the  results  of 
the  eigenvalue  analysis  of  an  equivalent 
shell  model  of  the  triaxial  woven  fabric 
composite  plate  using  the  identified 
equivalent  elastic  parameters  in  table  2.  It 
is  obtained  that  the  shearing  modulus  Git  is 
very  high  for  this  material  than  general 
uni-directional  composites. 

Eigenvalue  Analysis  and  Excitation  Test 
of  Golf  Club 

The  natural  frequencies  of  CFRP  golf 
clubs  are  analyzed  using  equivalent  beam 
models  and  compared  with  excitation  tests 
of  golf  clubs  made  of  triaxial  woven  fabric 
composites  ( UD  [  (±45)  2/O3]  +TWF  [  90] ) 
and  uni-directional  composites  (  UD 
[  (±45)  2/O3]  +UD  [  O3] ) . 

Modal  shapes  of  golf  clubs  are 
illustrated  in  Fig.2.  And  natural  frequencies 
of  golf  clubs  are  shown  in  table  3.  The 
analyzed  natural  frequencies  are  different 
from  experimental  ones.  But  the  tendency 
that  the  ratio  for  the  2nd  natural  frequency 
of  the  1st  natural  frequency  of  triaxial 
woven  fabric  composite  club  is  bigger  than 
the  uni-directional  composite  club  is  same 
in  the  analysis  and  the  experiment.  With 
these  results,  it  is  considered  that  triaxial 
woven  fabric  composites  are  effective  to 
raise  the  shearing  rigidity  of  golf  clubs  that 
improves  the  directional  stability  of  balls. 


Fig.  1  Excitation  test  for  triaxial  woven 
fabric  composite  plate 


Table  1  Natural  frequencies  of  triaxial 

woven  fabric  composite  plate,  Hz 


Modal  shape 

Experiment 

Identified 

1st 

V 

23.0 

23.0 

2nd 

II 

24.2 

24.2 

3rd 

□ 

51.4 

51.4 

Table  2  Identified  equivalent  elastic 

parameters  of  triaxial  woven  fabric 
composite  plate,  GPa 


El 

Et 

Git 

26.8 

26.7 

11.3 

Table  3  Natural  frequency  of  golf  club,  Hz 


1st 

2nd 

3rd 

Analysis  TWF 

3.77 

39.6 

67.6 

UD 

4.22 

34.8 

59.8 

Experiment  TWFl 

3.75 

33.8 

55.2 

UD 

4.20 

32.9 

59.4 
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Abstract 

For  designing  of  sporting  gears, 
various  new  materials  have  been  proposed. 
These  materials  must  have  complex  required 
properties.  In  this  study,  we  propose 
matrix  hybrid  laminates,  which  composed  of 
a  common  resin  with  high  stiffness  and  a 
flexible  resin  with  high  damping  are 
fabricated.  The  influence  of  the  stacking 
sequence  on  the  vibration  property  is 
investigated  by  the  vibration  test.  It  is 
confirmed  that  matrix  hybrid  laminates  can 
have  wide  ranges  of  stiffness  and  damping 
property  by  changing  the  resin  ratio  and  the 
stacking  sequence. 

Key  Words:  Matrix  Hybrid  Laminates, 
Vibration  Property,  Stacking  Sequence, 
Resin  Ratio 

Introduction 

The  practical  structures  must  have 
complex  mechanical  properties  in  response 
to  the  application.  As  an  example,  the 
musical  instrument  materials  must  have  not 
only  high  specific  moduli,  but  also  low 
damping  [1].  In  the  sporting  gear 
designings,  the  high  damping  as  well  as  the 
high  stiffness  and  the  lightweight  must  be 
generally  required  [2],  However,  it  is 


difficult  that  a  kind  of  material  cannot 
produce  the  above  complex  properties 
required  in  these  structural  components. 
The  compound  designing  method  of  plural 
materials  with  different  properties  can 
satisfy  the  various  requirements,  because 
this  method  has  many  designing  parameters. 

Matrix  hybrid  laminates  are  fabricated 
by  the  combination  of  two  or  more  kinds  of 
matrices.  The  wide  ranges  of  stiffness  and 
damping  property  may  be  produced  by 
changing  the  designing  parameters,  the  resin 
ratio  and/or  the  stacking  sequence. 
Whereas  stiffness  of  matrix  hybrid  laminates 
can  be  easily  calculated  by  the  classical 
lamination  theory  [3],  the  quantitative 
prediction  of  damping  property  has  been 
difficult.  Because  the  influences  of  the 
internal  damping  of  materials,  the  external 
damping  due  to  air  resistance  and  boundary 
conditions  must  be  considered  [4]. 

In  this  report,  glass  cloth  reinforced 
matrix  hybrid  laminates  with  various  resin 
ratios  and  stacking  sequences  are  fabricated. 
The  vibration  properties  of  matrix  hybrid 
laminates  are  investigated  by  the  vibration 
test.  Antisymmetric  matrix  hybrid 
laminates  are  also  fabricated  and 
investigated  by  the  above  tests.  For  the 
above  all  experimental  results,  the 
influences  of  designing  parameters  on  the 
vibration  property  are  discussed  in  detail. 
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Experimental 

Specimens 

As  the  reinforcement,  plain-woven  glass 
cloth  (WE18W,  Nitto  Boseki  Co.,  Ltd.)  was 
used.  As  the  matrices,  common  resin, 
vinyl  ester  (R806,  Showa  Highpolymer  Co., 
Ltd.)  and  flexible  resin,  unsaturated 
polyester  (FK2000,  Showa  Highpolymer 
Co.,  Ltd.)  were  used.  Using  these  resins, 
matrix  hybrid  laminates  were  fabricated  by 
the  hand  lay-up.  All  specimens  were  set  up 
to  form  a  16-layer,  and  the  nominal 
thickness  of  the  specimen  fabricated  was 
3mm.  The  stacking  sequences  were  four 
types  of  [H16],  [F16],  [H4F4]s  and  [F4H4]S,  as 
shown  in  Fig.  1 .  Here,  “[H]”  and  “[F]” 
indicate  the  glass  cloth  embedded  in 
common  and  flexible  resins,  respectively. 

Vibration  test 

Using  the  FFT  analyzer  (AD  3542,  A&D 
Co.,  Ltd.),  the  vibrations  test  were 
performed.  The  specimen  length  and  width 
were  250mm  and  150mm  respectively,  and 
the  longitudinal  direction  was  set  to  be  a 
warp  direction.  The  center  of  the  specimen 
was  impacted  by  an  impulse  hammer  under 
free  boundary  condition  suspended  by  a 
light  thread,  and  the  out-plane  accelerations 
at  various  positions  were  measured  by  a 
light  accelerometer.  The  input  and  output 
response  data  were  First  Fourier 
Transformed,  and  a  transfer  function  was 
obtained  by  dividing  the  output  response 
data  by  the  input  data.  Here,  we  focused 
on  the  1  st  bending  vibration  mode  with  the 
main  curvature  in  the  longitudinal  direction 
as  shown  in  Fig. 2.  The  eigenfrequency 
was  obtained  from  the  peak  position 
corresponded  to  the  1st  bending  vibration 
mode  in  the  transfer  function.  The 
logarithmic  decrement  was  calculated  by  a 
time-domain  damping  curve  obtained  from 
the  comer  output.  The  time-domain 
damping  curve  corresponding  to  the  1st 
bending  mode  was  obtained  from  the 
Reverse  First  Fourier  Transformation  of  the 
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Fig.l  Stacking  sequences 


short  range  near  the  above  peak 


Results 

The  1st  bending  frequencies  and  the 
logarithmic  decrements  of  the  matrix  hybrid 
laminates  obtained  from  vibration  test  are 
listed  in  Table  1.  The  1st  bending 
frequency  that  corresponds  to  the  bending 
modulus  in  the  warp  direction  increases  in 
the  order  [F16]  <  [F4H4]S  <  [H4F4]S  <  [H16], 
This  order  is  derived  from  the  stacking 
position  of  the  common  resin  with  the 
higher  modulus.  Approaching  the  position 
of  the  common  resin  layer  to  the  outmost 
layer  causes  the  higher  stiffness,  because  the 
outmost  layer  has  the  largest  curvature  under 
the  1st  bending  vibration  mode.  On  the 
other  hand,  the  logarithmic  decrement 
increases  in  the  order  [H16]  <  [H4F4JS  < 
[F4H4]S  <  [F16],  Compared  the  logarithmic 
decrement  of  [H]  with  [F],  it  was  found  that 
[H]  had  the  lower  damping  property.  This 
order  is  also  derived  from  that  the 
mechanical  properties  of  the  outmost  layer 


[Hiol 

Wem 


492 


Table  1  1st  bending  frequency  and  logarithmic  decrement 
obtained  from  the  vibration  test 


Type 

1st  bending 
frequency  (Hz) 

Logarithmic 

decrement 

[H16] 

181.1 

0.077 

[Fid 

145.4 

0.199 

[H4F4]S 

169.9 

PMU 

164.9 

0.143 

have  a  great  influence  on  the  damping 
property  of  the  whole  laminate  under  the 
bending  mode.  It  is  found  from  the  above 
results  that  matrix  hybrid  laminates  can  have 
wide  ranges  of  stiffness  and  damping 
property,  and  the  stacking  sequence  is  an 
important  factor. 

Discussions 

As  already  mentioned  the  stacking 
sequence  makes  a  great  influence  on  the 
vibration  property.  In  order  to  evaluate  the 
vibration  property  of  matrix  hybrid 
laminates  with  other  stacking  sequences, 
antisymmetric  matrix  hybrid  laminates  were 
fabricated  and  investigated  by  the  vibration 
test.  Figure  3  shows  the  stacking  sequence 


of  antisymmetric  matrix  hybrid  laminates. 

The  1st  bending  frequencies  and  the 
logarithmic  decrements  of  antisymmetric 
matrix  hybrid  laminates  are  listed  in  Table  2. 
In  the  case  that  matrix  hybrid  laminates  with 
constant  flexible  resin  ratio  are  compared, 
[HgF4H4]  and  [H4F12]  have  the  higher  1st 
bending  frequency  rather  than  [H12F4],  and 
[F4H4Fg],  respectively.  This  reason  can  be 
also  explained  by  the  position  of  [H] 
because  all  the  matrix  hybrid  laminates 
fabricated  in  this  section  have  the  constant 
weight.  On  the  other  hand,  [H12F4]  and 
[F4H4Fg]  have  the  higher  logarithmic 
decrement  rather  than  [HgF4H4]  and  [H4F12], 
respectively.  This  result  is  mainly  caused 
by  the  stacking  position  of  the  flexible  resin 
with  the  high  damping.  Compared  [HgFg] 
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Fig.3  Stacking  sequences  of  antisymmetric  laminates 


Table  2  Lists  of  1st  bending  frequency  and  logarithmic  decrement 
_ of  antisymmetric  lamiates _ 


[H12FJ  [H8F4HJ  [HgF8]  [H4F4H4F4]  [H4F12]  [F4H4Fg] 


Type 


1st  bending 
frequency  (Hz) 


160.8  172.2  154.6  154.9  155.1  149.6 


Logarithmic 

decrement 


0.121  0.087  0.142  0.143  0.170  0.180 
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with  [H4F4H4F4],  we  could  not  observe  a 
difference. 

Based  on  the  above  all  results,  we 
created  the  vibration  property  map  as  shown 
in  Fig.4.  As  already  mentioned  at  the 
outset,  the  properties  corresponding  to  both 
the  axes  are  very  important  parameters  for 
the  designing.  Here,  a-i  in  Fig.4  are  the 
laminates  with  constant  flexible  resin  ratio 
25%,  [H6F2]s,  [H6F2H2F2H4],  [H6F2H4F2H2], 
[H6F2H6F2],  [H8F4H4],  [H8F2H2F2H2], 

[HgF2H4F2],  [H12F4],  [F2H6]s,  j-m  are  the 
laminates  with  flexible  resin  ratio  50%, 
[H4H4]s,  [F4H4]s,  [H8F8],  [H4F4H4F4],  n  and  o 
are  the  laminates  with  flexible  resin  ratio 
75%,  [H4F12],  [F4H4Fg],  respectively.  As 
the  comparison  among  k,  m,  1  which  have 
the  constant  flexible  resin  ratio  50%,  the  1st 
bending  frequency  could  be  controlled  with 
the  constant  logarithmic  decrement.  As  the 
comparison  among  d,  b,  c,  e,  i  and  f  which 
have  the  constant  flexible  resin  ratio  25%, 
the  logarithmic  decrement  could  be 
controlled  with  the  constant  1st  bending 
frequency.  Therefore,  in  the  case  of 
comparison  among  i,  h  and  g,  both  the  1st 
bending  frequency  and  the  logarithmic 
decrement  could  be  increased  at  the  same 
time.  In  the  general  homogenous  materials, 
the  relationship  between  the  1st  bending 


frequency  and  the  logarithmic  decrement 
has  negative  correlation,  however  the  matrix 
hybrid  laminates  which  have  two  opposite 
properties  can  change  one  property  with 
keeping  the  other 

Conclusions 

Matrix  hybrid  laminates  with  various 
stacking  sequences  were  fabricated  and  their 
vibration  properties  were  investigated  by  the 
vibration  test.  As  the  results,  in  the  matrix 
hybrid  laminates,  the  vibration  property  can 
be  independently  controlled  by  changing  the 
stacking  sequence  and  common/flexible 
resin  ratio.  In  other  words,  it  was 
confirmed  that  matrix  hybridization  was  a 
very  effective  designing  method. 
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Abstract 


Introduction 


In  order  to  design  musical  instrument 
made  of  common  materials,  we  propose 
heterogeneous  numerical  model,  eigenvibration 
and  modal  transient  analyses  are  performed. 
As  a  result,  it  was  confirmed  that  specific 
dynamic  modulus  and  logarithmic  decrement  of 
FRP  laminates,  2  layered  structures  and 
sandwich  structures  could  be  estimated.  In 
case  of  the  musical  instrument  substitute, 
designing  acoustic  properties  can  be  calculated 
from  specific  dynamic  modulus  and  logarithmic 
decrement.  For  2  types  of  structures, 
CFRP/EVA  foam  and  FRP/Balsa/FRP,  influence 
of  geometric  parameters  on  the  above  vibration 
properties  are  predicted  by  the  proposed  model. 
In  the  former,  it  was  confirmed  that  fiber 
orientation  angle  25  degree  CFRP/EVA  were 
effective  for  designing  substitutes.  In  the  latter, 
it  was  confirmed  that  fiber  orientation  angle  35 
degree  CFRP/Balsa/CFRP  and  fiber  orientation 
angle  10  degree  GFRP/Balsa/GFRP  composed 
on  skin  thickness  0.5mm  and  core  thickness  3.0 
mm  were  effective. 

Key  words:Heterogeneity,  FEM,  Musical 
instrument,  FRP 


Recently,  the  constant  supply  of 

wooden  materials  has  been  difficult  under 
serious  environmental  problems.  Sitka  spruce, 
Spruce  and  Yezo  spruce  are  still  used  as  musical 
instrument  materials.  Therefor  proposition  of 
musical  instrument  substitute  has  been  required. 
The  finite  element  method  is  one  of  the  most 
powerful  tool  for  the  designing. 

In  this  study,  we  propose  the 

heterogeneous  numerical  model  in  order  to 
design  guitar  by  using  FEM.  After  we 

investigated  the  propriety  of  numerical  model, 
musical  instrument  substitutes  are  designed. 

Modeling  method 

FRP  has  orthotropic  logarithmic 

decrement  as  well  as  stiffness.  It  is  known  that 
logarithmic  decrement  of  bending  mode  with  the 
main  curvature  in  the  longitudinal  direction  is 
lower  than  in  transverse  direction.  In  the 
former,  it  is  derived  from  very  low  strain  of  resin 
in  vibration  mode,  because  of  the  high  bending 
modulus.  In  the  latter,  it  is  derived  from  high 
strain  of  resin,  because  of  low  bending  modulus. 
In  case  that  stacking  sequences  are  complicated, 


(a)Laminated  composite  (b)Expression  of  heterogeneity  (c)Proposed  model 
Fig.  1  Example  of  the  proposed  modeling  method 
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it  is  difficult  to  find  the  main  curvature  direction 
in  the  vibration  mode.  Therefore  it  is  difficult 
to  estimate  logarithmic  decrement  of  FRP 
laminates  by  using  the  conventional 
homogeneity  model.  In  this  study  we  propose 
the  heterogeneous  numerical  model  as  FRP  is 
assumed  to  consist  of  fiber  layer  and  resin 
interlamina  l>.  We  concentrate  fiber  contained 
in  each  layer  on  the  neutral  axis.  We  divide 
each  layer  into  fiber  concentrated  area  and  resin 
area,  express  these  by  three  dimensional  solid 
elements.  These  have  independent  material 
property.  Figure  1  shows  basic  concept  of  the 
proposed  heterogeneous  numerical  model. 

Specific  dynamic  modulus  and 
logarithmic  decrement  are  calculated  from 
eigen  vibration  and  modal  transient  analyses  by 
changing  stacking  sequence.  All  the  geometry 
of  specimens  are  constant,  length,  wide  and 
thickness  are  280,  70  and  2mm,  respectively. 
Stacking  sequence  are  crossply,  0/90/0  and 
90/0/90.  Material  properties  of  fiber 
concentrated  area  and  resin  area  used  are  listed 
in  Table  1 . 

Figure  2  (a)  and  (b)  show  the  comparison 


of  specific  dynamic  modulus  and  logarithmic 
decrement  on  FRP  between  analytical  and 
experimental  results,  respectively.  From  these 
results,  a  difference  of  specific  dynamic 
modulus  between  analysis  and  experimental  is 
smaller  than  14  percent  in  all  specimens. 
Logarithmic  decrement  was  also  smaller  than  1 1 
percent.  It  was  confirmed  that  vibration 
properties  of  FRP  laminates  could  be  predict  by 
using  the  heterogeneous  numerical  model. 

Discussions 

In  order  to  design  musical  instrument 
substitute,  vibration  properties  of  2-types 
structures  are  predicted  by  the  numerical  model 
and  compared  with  those  of  musical  instrument 
materials. 

2  layered  structures 

Numerical  model  proposed  in  this 
study  are  applied  to  2  layered  structures.  2 
layered  structure  consists  of  0  degree  CFRP, 
EVA  foam  and  adhesive.  EVA  foam  and 
adhesive  arc  also  modeled  by  three-dimensional 
solid  element.  Geometry  of  2  layered  structure 


Table  1  Material  properties  used  in  fiber  concentrated  and  resin  area 


II  E(GPa) 

G  (GPa) 

NU 

Den(g/cm3) 

c 

Carbon  Fiber 

T700/#2500 

El=  228.50 

ET=EZ=  10.89 

Glt~Glz=20.00 

Gtz=  16.00 

0.35 

1.8 

0.015 

Glass  Fiber 

E-glsss/Q  11 1 

EL=  53.13 

Et=Ez=  11.35 

Glt=GlZ  =5.00 

Gtz=  4.00 

0.3 

2.2 

0.023 

Epoxy  Resin 

E=  3.00 

G=  1.05 

0.4 

1.2 

0.195 

CFRP  GFRP 


CFRP  GFRP 


Stacking  sequence  [degree] 


Stacking  sequence  [degree] 


(a)  Specific  dynamic  modulus  (b)  Logarithmic  decrement 

Fig. 2  Comparison  between  analytical  and  experimental  results  obtained  from  CFRP  laminates,  (a) 
specific  dynamic  modulus,  (b)  logarithmic  decrement 
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is  280  X  70  X  1.6mm,  thickness  of  CFRP,  EVA 
foam  and  adhesive  layer  are  1.0mm,  0.5mm  and 
0.1mm,  respectively.  Longitudinal  and 
transverse  direction  divide  into  16  and  4. 
CFRP  divide  into  5  between  fiber  concentrated 
area  and  resin  area,  adhesive  divide  into  1 
toward  thickness  direction.  Material  properties 
of  adhesive  is  used  that  of  resin  area.  EVA 
foam  is  linear  material,  material  properties, 
Bending  modulus  E,  Poisson  ratio  NU,  Density 
p  and  damping  coefficient  C  are  0.02  (GPa), 
0.01,  0.20  (g/cm3),  0.26,  respectively. 

As  analytical  results  of  2  layered 
structures,  specific  dynamic  modulus  and 
logarithmic  decrement  was  7.85  X  106[m],  0.135, 
respectively.  As  experimental  results,  specific 
dynamic  modulus  and  logarithmic  decrement 
was  7.24  X  106[m],  0.142,  respectively  2).  It 
was  confirmed  that  proposed  numerical  model 
was  effective  for  prediction  of  vibration  property 
on  2  layered  structure. 

Musical  instrument  substitutes  was 
designed  by  application  of  this  numerical  model 
to  2  layered  structures.  Geometry  of  CFRP  is 
equal  to  above,  attached  area  of  EVA  foam  and 
fiber  orientation  angle  of  CFRP  is  changed.  As 
attached  position  of  EVA  foam  is  center  of 
model,  wide  and  thickness  of  EVA  foam  is  70 
mm  and  0.5  mm,  respectively.  Length  are  70, 
140,  210  and  280  mm.  0  of  CFRP  are 
0,10,15,20,25,30,40  and  45  degree. 

Specific  dynamic  modulus  and 
logarithmic  decrement  obtained  from  analysis 
plotted  against  0  of  CFRP  is  shown  in  Fig, 3  (a) 
and  (b),  respectively.  The  hatched  range 
denotes  the  range  of  musical  instrument 
materials.  Judging  from  Fig.3  (a)  and  (b),  EVA 
foam  attachment  can  not  make  any  influence  on 


the  specific  dynamic  modulus,  greatly  affected 
on  the  logarithmic  decrement.  It  was  found 
that  specific  dynamic  modulus  and  logarithmic 
decrement  of  25  degree  CFRP/EVA  foam  were 
equal  to  that  of  musical  instrument  materials. 

Sandwich  structures 

Proposed  numerical  model  are  also 
applied  to  sandwich  structures,  0  degree 
CFRP/Balsa/CFRP  and  0  degree 
GFRP/Balsa/GFRP.  Geometry  of  sandwich 
structures  is  280  X  70  X  2mm,  thickness  of  CFRP 
and  GFRP  is  0.5mm  and  thickness  of  Balsa  is 

I. 0mm.  Longitudinal  and  transverse  direction 
divide  into  16  and  4.  FRP  are  divided  into  3 
between  fiber  concentrated  area  and  resin  area, 
Balsa  is  divided  into  1  toward  thickness 
direction. 

As  analytical  results  of  sandwich 
structure,  specific  dynamic  modulus  of  0  degree 
CFRP/Balsa/CFRP  was  10.06  X  106[mj  and 
logarithmic  decrement  was  0.075,  respectively. 
Specific  dynamic  modulus  of  0  degree 
GFRP/Balsa/GFRP  was  2.49  X  106[m]  and 
logarithmic  decrement  was  0.112,  respectively. 
As  experimental  results,  specific  dynamic 
modulus  of  0  degree  CFRP/Balsa/CFRP  was 

II. 15  X  106[m]  and  logarithmic  decrement  was 
0.071,  respectively.  Specific  dynamic  modulus 
of  0  degree  GFRP/Balsa/GFRP  was  2.74  X 
106[m]  and  logarithmic  decrement  was  0.101, 
respectively.  It  was  confirmed  that  proposed 
numerical  model  was  also  effective  for 
prediction  of  vibration  property  on  sandwich 
structure. 

This  numerical  model  is  applied  to 
sandwich  structures,  musical  instrument 
substitutes  is  designed  by  changing  thickness 


(a)  Specific  dynamic  modulus  (b)  Logarithmic  decrement 

Fig.3  Analytical  results  obtained  from  the  2-layered  structure,  CRRP/EVA  foam,  (a)  specific 
dynamic  modulus,  (b)  logarithmic  decrement 
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ratio  and  fiber  orientation  angle.  Thickness  of 
skin  FRP  is  constantly  0.5mm,  thickness  of  core 
Balsa  are  1,  3  and  5mm.  0  are  10,  10,  15,  20, 
30,  40  and  45  degree. 

Specific  dynamic  modulus  and 
logarithmic  decrement  obtained  from  analysis 
plotted  against  0  of  CFRP  is  shown  into  Fig.5 
(a)  and  (b),  respectively.  Results  of  GFRP  is 
shown  in  Fig.  6  (a)  and  (b),  respectively. 

Judging  from  these  results,  it  was 
confirmed  that  35  degree  CFRP/Balsa/CFRP  and 
10  degree  GFRP/Balsa/GFRP  with  core 
thickness  3.0mm  was  valid  for  designing  the 
musical  instrument  substitutes. 

Conclusion 

In  this  study,  we  proposed  the 
heterogeneous  numerical  model  as  FRP  was 


assumed  to  consist  of  fiber  and  resin.  Proposed 
model  was  applied  to  2  layered  structures  and 
sandwich  structures.  As  a  result,  25  degree 
CFRP/EVA  foam,  35  degree  CFRP/Balsa/CFRP 
and  10  degree  GFRP/Balsa/GFRP  with  core 
thickness  3.0mm  were  effective  for  designing 
the  musical  instrument  substitutes.  It  is 
thought  that  design  and  fabrication  of  guitar  is 
possible  by  using  this  numerical  model. 

Reference 

1.  T.Nishiwaki,  A.Yokovama,  Z.Maekwa  and 
H.Hamada,  Journal  of  Composite  Structures,  32, 
641  (1995) 

2.  T.Matsubara,  T.Nishiwaki  and  Z.Maekwa, 
Journal  of  Textile  Machinery'  Society  of  Japan, 
53(11),  225  (2000) 


(a)  Specific  dynamic  modulus  (b)  Logarithmic  decrement 

Fig.4  Analytical  results  obtained  from  the  sandwich  structure,  CRRP/Balsa/CFRP,  (a)  specific 
dynamic  modulus,  (b)  logarithmic  decrement 


(a)  Specific  dynamic  modulus 


(b)  Logarithmic  decrement 


Fig.5  Analytical  results  obtained  from  the  sandwich  structure,  GRRP/Balsa/GFRP,  (a)  specific 
dynamic  modulus,  (b)  logarithmic  decrement 
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Abstract 

It  is  heard  that  although  a  thermoplastic 
composite  racket  gives  comfort  feeling 
during  tennis  impact,  it  is  inferior  to  the 
ordinary  composite  racket  in  power.  This 
paper  predicts  and  estimates  the  performance 
of  thermoplastic  composite  and  compares  it 
with  that  of  ordinary  racket  in  terms  of  the 
restitution  coefficient,  the  maneuverability, 
and  the  power.  It  is  based  on  the 
experimental  identification  of  the  racket 
dynamics  and  the  simple  nonlinear  impact 
analysis.  The  predicted  results  could  explain 
the  mechanism  of  difference  in  performance 
between  the  thermoplastic  composite  racket 
and  the  ordinary  composite  racket. 

Key  Words:  Sports  Engineering,  Tennis 
Racket,  Thermoplastic  Composite 

Introduction 

At  the  current  stage,  very  specific  designs 
are  targeted  to  match  the  physical  and 
technical  levels  of  each  user.  The  optimum 
racket  depends  on  the  physical  and  technical 
levels  of  each  user.  Actually,  however,  the 
terms  used  in  describing  the  performance  of 
tennis  rackets  are  based  on  the  feeling  of  an 
experienced  tester  or  a  player.  Accordingly, 
there  are  many  unclear  points  regarding  the 
relationship  between  the  performance 


estimated  by  a  player  and  the  physical 
properties  of  a  tennis  racket.  It  is  said  that  a 
thermoplastic  composite  racket  gives 
comfort  feeling  during  tennis  impact,  but  it  is 
inferior  to  the  ordinary  composite  racket  in 
power  [1],  This  paper  predicts  and  estimates 
the  performance  of  thermoplastic  composite 
and  compares  it  with  that  of  ordinary  racket 
in  terms  of  the  restitution  coefficient,  the 
maneuverability,  and  the  power.  It  is  based 
on  the  experimental  identification  of  the 
racket  dynamics  and  the  simple  nonlinear 
impact  analysis  [2-9]. 

Racket  Physical  Properties  and 
Prediction  of  the  Restitution  of  Coefficient 
between  a  Ball  and  a  Racket 

The  main  specifications  and  physical 
properties  of  the  test  rackets  are  shown  in 
Table  1.  The  racket  called  FX-110TP  is  a 
thermoplastic(TP)  composite  racket  (  341  g 
including  the  weight  of  strings),  while  the 
racket  called  Ex-110  is  a  conventional 
composite  racket  (  365  g  including  the 
weight  of  strings).  The  TP  material  is  made 
of  reinforced  fiber  and  thin  resin  film. 
Standard  modulus  12  K  carbon  fiber  and  a 
Nylon  6  based  resin  were  selected  for  its 
suitable  physical  properties  and  cost  balance 
[1]. 

In  Table  1,  the  sign  Igy  denotes  the  moment 
of  inertia  about  the  center  of  mass,  the  sign 


499 


Table  1  Specification  and  Physical 
Properties  of  Rackets. 


Racket 

FX-110TP 

EX-110 

Total  length 

685  mm 

685  mm 

Face  area 

705  cm1 

705  cm1 

Mass 

341  g 

366  g 

Center  of  gravity 
from  grip  end 

314  mm 

325  mm 

Moment  of  inertia 

Ic,y  about  Y  axis 

36.3  gmJ 

40.7  gm2 

Moment  of  inertia 

lax  about  X  axis 

1.40  gm2 

1.68  gm2 

1st  frequency 

127  Hz 

132  Hz 

Strings  tension 

551b 

53  lb 

Igx  the  moment  of  inertia  about  the 
longitudinal  axis  of  racket  head. 

Since  the  experimental  modal  analysis  showed 
that  the  fundamental  vibration  mode  of  a 
hand-held  racket  is  similar  to  the  mode  of  a 
freely  supported  racket,  it  is  assumed  in  terms  of 
power  that  the  racket  is  freely  supported  [2,7]. 
The  impulse  could  be  approximately  derived 
using  a  model  assuming  that  a  ball  with  a 
concentrated  mass  and  a  nonlinear  stiffness 
collides  with  the  nonlinear  spring  of  strings 
supported  by  a  rigid  frame,  where  the 
measured  restitution  coefficient  eBc,  inherent 
to  the  materials  of  ball/strings  is  employed  as 
one  of  the  sauce  of  energy  loss.  The  contact 
time  Tc  could  be  derived,  if  it  is  determined 
by  the  natural  period  of  a  whole  system 
composed  of  the  mass  mB  of  a  ball,  equivalent 
compound  stiffness  Kgb  of  a  ball  and  strings, 
and  the  reduced  mass  Mr  of  a  racket. 

On  the  basis  of  the  approximation  of  the 
force-time  curve  of  impact  as  a  half-sine 
pulse  and  the  application  of  its  Fourier 
transform  to  the  experimentally  identified 
racket  vibration  model,  the  initial  amplitude 
of  racket  vibration  due  to  impact  can  be 
derived.  The  energy  loss  due  to  the  racket 
frame  vibration  can  be  derived  from  the 
amplitude  distribution  of  the  velocity  and  the 
mass  distribution  along  a  racket  frame. 

The  coefficient  of  restitution  (  COR)  er 
between  a  ball  and  a  racket  can  be  estimated 
by  considering  the  energy  loss  E\  due  to 


frame  vibration  as  well  as  the  energy  loss  £2 
due  to  large  instantaneous  deformation  of  the 
ball  and  strings.  The  coefficient  of  restitution 
er  corresponds  to  the  total  energy  loss  £  (  =£1 
+£2  )  could  be  obtained  as 

*r  =  [1-  2E(mB  +  Mr)l  ( niBMrVBo2)]112 

(1) 

Figure  1  shows  a  simple  forehand  ground 
stroke  model  used  in  this  study.  A  player  hits 
a  coming  ball  VBo  of  the  velocity  with  the 
racket  head  velocity  Vro  given  by  Ly{  7tNs  / 
Is  )1/2  ,  where  the  sign  Lx  denotes  the  distance 
between  the  player’s  shoulder  joint  and  the 
impact  location  on  the  racket  face,  Ns  the 
constant  torque  around  the  shoulder  joint,  and  Is 
the  moment  of  inertia  of  arm/racket  system 
around  the  shoulder  joint. 


Fig.l  Simple  forehand  groundstroke  swing 
model. 

The  predicted  restitution  coefficient  er  of  a 
thermoplastic  composite  racket  has  been 
lower  than  that  of  a  conventional  composite 
racket,  particularly  at  the  off-center  of  the 
racket,  where  a  player  hits  the  ball  (  F&,  =  10 
m/s,  Ns  =  56.9  Nm). 

Predicted  Post-impact  Ball  Velocity  and  the 
Sweet  Area  in  Terms  of  Power 

Here  we  introduce  the  rebound  power 
coefficient  e  defined  by  the  ratio  of  rebound 
velocity  VB  against  the  incident  velocity  VBo  of 
a  ball  when  a  ball  strikes  the  freely  supported 
racket  at  rest  (  VRo  =  0)  ,  written  as  Eq.(3)  .  The 
rebound  power  coefficient  e  can  particularly 
estimate  the  rebound  power  of  a  racket  for  a 
volley. 
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-VB/VBo  =  (er-  mB/Mr)  /(1+  mB!Mr ) 

(3) 

When  a  player  hits  the  ball  with  pre-impact 
racket  head  velocity  of  Vro  ,  the  coefficient  e 
can  be  expressed  as 

e  =  -(VB-Vgo)l  (Vbo-  Vro)  (4) 

Figure  2  shows  the  predicted  rebound  power 
coefficient  e  when  a  player  hits  the  ball  at  the 
longitudinal  axis  and  off  the  longitudinal  axis 
(  Vbo  =  10  m/s,  Ns  -  56.9  Nm ).  It  also  shows 
the  sweet  area  with  respect  to  the  rebound 
power  coefficient  e. 

The  post-impact  ball  velocity  VB  could  estimate 
the  power  of  the  racket  when  a  player  hits  the 
ball.  The  VB  can  be  expressed  as  Eq.(5). 

VB  =  -VBoe  +  Vro(  1+e)  (5) 


The  predicted  pre-impact  racket  head 
velocity  Va,  (  Ns  =  56.9  Nm  )  of  a 
thermoplastic  composite  racket  has  been 
higher  than  that  of  a  conventional  composite 
racket. 

Figure  3  shows  the  predicted  post-impact  ball 
velocity  VB  when  a  player  hits  the  ball  at  the 
longitudinal  axis  and  off  the  longitudinal  axis 
of  the  racket  ( F&,  =  10  m/s,  Ns  =  56.9  Nm  ).  It 
also  shows  the  predicted  sweet  area  with 
respect  to  the  post-impact  ball  velocity  VB. 

It  is  seen  that  the  thermoplastic  composite 
racket  is  lower  than  that  of  a  conventional  racket 
in  terms  of  the  post-impact  ball  velocity  or 
power.  However,  there  is  no  big  difference. 

Conclusions 

It  is  said  that  a  thermoplastic  composite 


(a)  on  the  longitudinal  (b)  off  the  longitudinal 


Fig.2  Predicted  rebound  power  coefficient  e  (/Vs=56.9Nm,  FBo=10m/s) 
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(a)  on  the  longitudinal  (b)  off  the  longitudinal 


Fig.3  Predicted  post-impact  ball  velocity  VB 


racket  gives  comfort  feeling  during  tennis 
impact,  but  it  is  inferior  to  the  ordinary 
composite  racket  in  power.  The  predicted 
results  could  explain  the  mechanism  of 
difference  in  power  between  the 
thermoplastic  composite  racket  and  the 
ordinary  composite  racket.  Although  the 
thermoplastic  composite  racket  is  lower  than 
that  of  a  conventional  racket  in  terms  of  the 
post-impact  ball  velocity  or  power,  there  is  no 
big  difference  between  them. 
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Abstract 

It  is  reported  that  a  tennis  racket  using 
thermoplastic  composite  with  a  thin  flexible 
unidirectional  tape  prepeg  (UD  flex  tape)  has 
good  damping  characteristics  and  therefore 
gives  soft  impact  feel  to  the  player  during  tennis 
impact.  This  paper  predicts  and  estimates  the 
performance  of  thermoplastic  composite  and 
compares  it  with  that  of  ordinary  racket  in  terms 
of  the  shock  vibrations  at  the  wrist  joint  when  a 
player  hits  the  ball,  which  is  closely  related  to 
the  feel  or  comfort.  It  is  based  on  the 
experimental  identification  of  the  racket/arm 
system  and  the  simple  nonlinear  impact 
analysis.  The  predicted  results  could  explain  the 
mechanism  of  difference  in  the  feel  between  the 
thermoplastic  composite  racket  and  the 
ordinary  composite  racket. 

Key  Words:  Tennis  Racket,  Thermoplastic 
Composite,  Feel 

Introduction 

It  is  reported  that  a  tennis  racket  using 
thermoplastic  composite  with  a  thin  flexible 
unidirectional  tape  prepreg  (UD  flex  tape)  has 
good  damping  characteristics  and  therefore 
gives  soft  impact  feel  to  the  player  during  tennis 
impact  [1].  This  paper  predicts  the  performance 
of  thermoplastic  composite  racket  and 
compares  it  with  that  of  ordinary  racket  in  terms 


of  the  shock  vibrations  at  the  wrist  joint  when  a 
player  hits  the  ball,  which  is  closely  related  to 
the  feel  or  comfort.  It  is  based  on  the 
experimental  identification  of  the  racket/arm 
system  and  the  simple  nonlinear  impact 
analysis  [2-12].  The  details  of  specifications 
and  physical  properties  of  the  test  rackets  are 
shown  in  literature  [2].  The  racket  called 
FX-110TP  is  a  thermoplastic  (TP)  composite 
racket  (341  g  including  the  weight  of  strings), 
while  the  racket  called  Ex-110  is  a  conventional 
composite  racket  (365  g  including  the  weight  of 
strings).  The  TP  material  is  made  of  reinforced 
fiber  and  thin  resin  film.  Standard  modulus  12 
K  carbon  fiber  and  a  Nylon  6  based  resin  were 
selected  for  its  suitable  physical  properties  and 
cost  balance  [1]. 


Prediction  of  the  Waveforms  of 
Shock  Vibrations  at  the  Grip 
and  at  the  Wrist  Joint 


Fig.2  Location  of  Wrist  joint 
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iji 

So  !  Po 


Fig.l  Impact  model  for  the  prediction  of  the  shock  force  transmitted  to  the  arm  joints 
from  a  racket. 


Figure  1  shows  an  impact  model  for  the 
prediction  of  shock  forces  transmitted  to  the  arm 
joints  from  a  racket,  where  a  male  tournament 
player  hits  flat  forehand  drive.  Figure  2  shows  the 
locations  of  attached  accelerometers  at  the  wrist 
joint  and  the  elbow  joint  in  the  experiment. 

The  impact  force  So  at  P0  causes  a  shock  force 
Si  on  the  player's  hand  Pj,  a  shock  force  S2  on 
the  elbow  P2 ,  and  finally  a  shock  force  S3  on  the 
player's  shoulder  P3  during  the  impact  at  which 
the  player  hits  the  ball  with  his  racket.  The 
gravity  force  and  muscular  action  are  not  taken 
into  account.  Accordingly,  we  consider  the 
racket  to  be  freely  hinged  to  the  forearm  of  the 
player,  the  forearm  being  freely  hinged  to  the 
arm  and  the  arm  freely  hinged  to  the  player’s 
body.  We  can  deduce  that  the  inertia  effect  of 
the  arm  and  the  forearm  can  be  attributed  to  a 
mass  Mu  concentrated  in  the  hand;  therefore  the 
analysis  of  impact  between  ball  and  racket  can 
be  carried  out  by  assuming  that  the  racket  is  free 
in  space,  as  long  as  the  mass  Mu  is  applied  at 
point  Pi  of  the  hand  grip.  If  the  impact  force  So 
between  a  ball  and  the  racket  is  given  when  the 
ball  hits  the  racket,  the  shock  force  Sj  can  be 
obtained  [10-12]. 

The  vibration  characteristics  of  a  racket  can  be 
identified  using  the  experimental  modal 
analysis  and  the  racket  vibrations  can  be 
simulated  by  applying  the  approximate  impact 
force-time  curve  to  the  hitting  portion  on  the 
string  face  of  the  identified  vibration  model  of 
the  racket.  When  the  impact  force  component 
of  A>th  mode  frequency  /  *  in  the  frequency 
region  applies  to  the  point  j  on  the  racket  face, 
the  amplitude  Xy  *  of  &-th  mode  component  at 


point  i  can  be  derived  using  the  residue  r,y*  of 
fc-th  mode  between  arbitrary  point  i  and;'.  The 
energy  loss  due  to  the  racket  vibration  induced 
by  impact  can  be  derived  from  the  amplitude 
distribution  of  the  vibration  velocity  and  the 
mass  distribution  along  a  racket  frame  when  an 
impact  location  on  the  string  face  and  the 
impact  velocity  are  given.  The  coefficient  of 
restitution  er  (COR)  can  be  derived  considering 
the  energy  loss  E  during  impact.  Furthermore, 
the  force-time  curve  of  impact  between  a  ball 
and  a  racket  considering  the  vibrations  of  a 
racket  frame  can  be  approximated. 

S„(l)=S,1„ax  SMKIITO  (0S<Srt)(l) 
where 

Soma,  =WQ.Tc)WbO- */to)d+  *,)  "**/(!  + 

mBIMr).  (2) 

The  contact  time  Tc  during  impact  can  be 
determined  against  the  pre-impact  velocity  ( Vbo 
-  Vro  )  between  a  ball  and  a  racket  assuming  the 
contact  time  to  be  half  the  natural  period  of  a 
whole  system  composed  of  the  mass  ms  of  a 
ball,  the  equivalent  stiffness  Kgb  of  ball/strings, 
and  the  reduced  mass  Mr  of  the  racket. 

The  shock  acceleration  A  nv  (  i)  at  the  hand 
grip  considering  the  equivalent  mass  Mu  of  the 
arm  system  can  be  represented  as 

A  nv(t)  =  So(t)  [  1  /  {Mr  +  M//)— (a/ IG) X\ 

(3) 

where  X  denotes  the  distance  between  the 
center  of  mass  of  racket-arm  system  and  the 


504 


location  of  hand  grip,  a  the  distance  between 
the  center  of  mass  of  racket-arm  system  and 
the  impact  location  of  the  racket,  IG  the  moment 
of  inertia  around  the  center  of  mass  of 
racket-arm  system,  respectively.  The  maximum 
shock  force  Slmax  transmitted  to  a  wrist  joint 
corresponds  to  the  maximum  impact  force  S0mWc- 
Figure  3  shows  the  predicted  maximum  shock 
acceleration  at  the  grip  of  hand-held  racket. 
There  is  no  big  difference  between  two  rackets. 
The  vibration  acceleration  component  of  jfc-th 
mode  at  the  location  i  of  handgrip  is  represented 
as 

A  t  j,  k(t)  =  -  (2  %fkf  rn  S0J  (2  Ttfk)exp(  -  2  % 
fkC  kt)sin(2Kfkt)  (4) 


Fig3  Predicted  Maximum  shock  acceleration 
at  the  grip. 

FX-110TP  EX- 110 


(a)  Predicted  shock  vibrations  at  the  wrist  joint  (Impact  location : 
Top  side  B) 


(b)  Shock  vibrations  peak  value  at  the  wrist  vs.  impact  locations  (Impact 
velocity :  30m/s) 

Fig.4  predicted  shock  vibrations  at  the  wrist  joint. 
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where  j  denotes  the  impact  location  between 
ball  and  racket  on  the  string  face,  £  k  the 
damping  ratio  of  k-th  mode,  Soj  (2  7t  f  k)  the 
fourier  spectrum  of  Eq.(l). 

The  summation  of  Eq.(3)  and  Eq.(4)  represents 
the  shock  vibrations  at  the  handgrip. 

Figure  4  shows  the  predicted  shock  vibrations 
of  a  wrist  joint.  Figure  4(a)  is  a  comparison  of 
two  rackets  when  a  ball  strikes  a  racket  face  on 
the  topside.  The  impact  velocity  between  a  ball 
and  a  racket  face  is  30  m/s.  The  damping  ratio 
of  a  hand-held  racket  in  the  actual  impact  is 
estimated  as  about  2.5  times  that  of  the  one 
identified  by  the  experimental  modal  analysis 
with  small  vibration  amplitude.  Furthermore, 
the  damping  of  the  waveform  at  the  wrist  joint 
was  3  times  that  at  the  grip  portion  of  the  racket 
handle.  Figure  4(b)  shows  the  shock  vibrations 
peak  value  (Fig  5)  at  the  wrist  against  the 
longitudinal  impact  locations  on  the  racket  face 
(Impact  velocity  :  30m/s).  It  also  shows  the 
predicted  sweet  area  with  respect  to  the  shock 
vibrations  at  the  wrist  joint. 

The  shock  vibrations  of  thermoplastic  composite 
racket  is  smaller  than  those  of  conventional  racket. 
It  is  predicted  to  be  comfort  when  the  ball  is  hit 


Fig.5  Peak-  peak  value  of  the  wave  form. 


Conclusions 

This  paper  has  investigated  the  tennis 
racket  performance  in  terms  of  the  feel  or 
comfort.  It  predicted  the  effect  of  the 
thermoplastic  composite  rackets  on  the  impact 
shock  vibrations  of  racket  handle  and  the 
player's  wrist  joint  when  a  player  hits  flat 
forehand  drive.  The  prediction  is  based  on  the 
identification  of  the  racket  characteristics,  the 
damping  of  the  racket-arm  system,  equivalent 


mass  of  the  player's  arm  system  and  the 
approximate  nonlinear  impact  analysis  in  tennis. 

The  predicted  results  could  explain  the 
mechanism  of  difference  in  the  feel  between  the 
thermoplastic  composite  racket  and  the 
conventional  composite  racket.  The  result  of 
the  comparison  shows  that  the  shock  vibration 
of  the  thermoplastic  composite  racket  is 
smaller  than  that  of  the  conventional  racket. 

It  is  predicted  to  be  comfort  when  the  ball  is  hit 
with. 

Acknowledgment 

This  work  was  supported  by  a  grant-in-Aid  for 
Science  Research  B  and  a  Science  Research  C 
of  the  Ministry  of  Education,  Science,  and 
Culture  of  Japan,  and  a  part  of  this  work  was 
also  supported  by  the  High-Tech  Research 
Center  of  Saitama  Institute  of  Technology. 

References 

1.  K.  Muroi  &  Y.  Shimizu,  Proc.  of  5th  Japan 
International  SAMPE  Symp.,  1317  (1997). 

2.  Y.  Kawazoc,  Proc.  of  7th  Japan  International 
SAMPE  Symp,  (2001).  to  be  appeared. 

3.  Y.  Kawazoc,  Dynamics  and  computer  aided 
design  of  tennis  racket.  Proc.  Int.  Symp.  on 
Advanced  Computers  for  Dynamics  and  Design 
’89,243(1989). 

3.  Y.  Kawazoc,  Theoretical  and  Applied 
Mechanics,  Vol.41, 3(1992). 

4.  Y.  Kawazoe,  Theoretical  and  Applied 

Mechanics,  Vol.42, 197(1993). 

5.  Y.  Kawazoe,  Theoretical  and  Applied 

Mechanics,  Vol.43, 1994,  pp.223-232. 

6.  Y.  Kawazoe,  Science  and  Racket  Sports,  E  & 
FN  SPON,  1994,  pp.134-139. 

7.  Y.  Kawazoe,  Theoretical  and  Applied 
Mechanics,  Vol.46, 1997,  pp.165-176. 

8.  Y.  Kawazoe,  5th  Japan  Int.  SAMPE  Symp., 
1320  (1997). 

9.  Y.  Kawazoe,  Proc.  of  6th  Japan  International 

SAMPE  Symp,  787(1999). 

10.  Casolo,F.  &  Ruggieri,  G.,  Meccanica, 
Vol.24, 1991,  pp.501-504. 

11.  Y.  Kawazoe  &  K.  Yoshinari,  Tennis  Science  & 
Technology,  Blackwell  Sciences,  2000, 

pp.91-99. 

12.  Y.  Kawazoe,  Theoretical  and  Applied 
Mechanics,  Vol.49, 2000,  pp.11-19. 


506 


Proceedings  of  7,h  Japan  International  SAMPE 
Symposium  S  Exhibition,  Nov.  13-16,  200 1 


Processing  and  Properties  of  Carbon  Fiber  Reinforced 
Composites  with  New  Amorphous,  Asymmetric, 
Addition  Type  Polyimides  (Triple  A-PI) 


Toshio  Ogasawara  #1,  Rikio  Yokota  #2,  Yu  Shigenari #3,  Kiyoshi  Miyagawa  #3, 
Hideki  Ozawa  #4,  Mitsushi  Taguchi #4,  and  Takashi  Ishikawa 

#1:  National  Aerospace  Laboratory  of  Japan  (NAL) 

6-13-1,  Osawa,  Mitaka-shi,  Tokyo,  181-0015,  JAPAN 
#2:  Institute  of  Space  and  Astronautical  Science  (ISAS) 

3-1-1  Yoshinodai,  Sagamihara-shi,  Kanagawa,  229-8510,  JAPAN 
#3:  IHI  Aerospace  Co.,  Ltd. 

900,  Fujiki,  Tomioka-shi,  Gunma,  370-2398,  JAPAN 
#4:  Ube  Industries,  Ltd. 

8-1,  Goi-minamikaigan,  Ichihara-shi,  Chiba,  290-0045,  JAPAN 
E-mail:  ogasat@nal.go.jp 


Abstract 

This  paper  presents  experimental 
results  for  the  processing  and  mechanical 
properties  of  carbon  fiber  reinforced 
composites  with  newly  developed 
amorphous,  asymmetric,  and  addition  type 
polyimides  (Triple  A-PI).  The  imide 
oligomers  were  synthesized  from  the 
reaction  of  2,3,3',4'-biphenyltetracarboxylic 
dianhydride  (a-BPDA),  4,4-oxydiaminine 
(ODA),  and  phenylethynyl  phthalic 
anhydride  (PEPA).  Even  though  the 
molecular  weight  of  the  imide  oligomer  is 
relatively  low,  the  cured  polymer  exhibits 
excellent  mechanical  properties  because  of 
its  irregular  and  asymmetric  structure. 
Unidirectional  carbon  fiber  reinforced 
composites  were  fabricated  by  prepreg 
consolidation.  The  composites  exhibit  high 
glass  transition  temperature,  and  excellent 
shot  beam  shear  strengths  at  elevated 
temperature  compared  to  PETI-5. 

Key  Words:  Asymmetric  imides,  Composite 


Introduction 

The  phenylethynyl  terminated 
polyimide,  PETI-5  developed  by  NASA 
Langley  Research  Center  (LaRC)  possesses 
good  processability  and  excellent 

mechanical  properties  in  an  adhesive  and 
composite  matrix  resin  [1-3].  Undoubtedly, 
PETI-5  is  one  of  the  most  excellent  matrix 
materials  for  high  temperature  polymer 
composites  up  to  200  °C. 

Recently,  new  addition  type 

polyimides  were  developed  from  the 
reaction  of  2,3,3',4'-biphenyl-tetracarboxylic 
dianhydride  (a-BPDA),  diaminine,  and 
phenylethynyl  phthalic  anhydride  (PEPA) 

[4,5].  The  new  polyimides  are  referred  to  as 
"Triple  A-PI  (TA-PI)"  from  the 
characteristics  of  the  polymer  (amorphous, 
asymmetric,  and  addition  type).  Both  the 
imide  oligomers  and  cured  polymers  have 
significantly  irregular  and  asymmetric 

structure  derived  from  asymmetric  (a-) 
BPDA.  Therefore,  even  though  the 
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molecular  weigh  of  the  imide  oligomer  is 
relatively  low,  the  cured  polymer  exhibits 
excellent  mechanical  properties,  with  high 
glass  transition  temperature  (Tg>300°C) 
[4,5]. 

This  paper  presents  experimental 
results  for  processing  and  mechanical 
properties  of  carbon  fiber  reinforced 
composites  with  "Triple  A-PI".  It  is  known 
that  the  lower  molecular  weight  oligomer 
had  the  lower  melt  viscosity,  when  cured, 
the  higher  Tg,  and  lower  fracture  toughness. 
Therefore,  the  effect  of  oligomer  molecular 
weight  on  the  composite  properties  was  also 
investigated. 

Experimental  Procedure 

Synthesis  of  Triple  A-PI 
The  synthetic  scheme  for  the  imide  oligomer 
is  shown  in  Fig.  1.  a-BPDA  (2,3,3\4’- 
BPDA,  mp  172°C),  4,4’-ODA  (mp  187°C), 
and  PEPA  (mp  151°C)  were  used  as-received. 
The  imide  oligomers  with  different 
molecular  weight  (calc.  1578  (n=2.5),  2494 
(n=4.5),  and  5245  g/mol  (n=10.5))  were 
synthesized.  Detailed  descriptions  regarding 
the  synthesis  of  the  imide  oligomer  were 
reported  elsewhere  [4,5]. 

The  dynamic  rheological  behaviors  of  the 
imide  oligomers  were  determined  by  a 


2, 3,3',4'BPDA  (a-BPDA)  PEPA 


Rheometrics  RDS-II  dynamic  rheometer  at  a 
heating  rate  of  3°C/min.  The  compacted 
resin  disk  was  loaded  in  parallel  plates  with 
7.9  mm  diameter.  The  top  plate  was 
oscillated  at  a  fixed  strain  of  10  %,  and  a 
fixed  frequency  of  10  Hz. 

Processing  of  composites 
The  amide  acid  /  NMP  (N-methyl-2- 
pyrrolidinone)  solutions  were  impregnated 
into  Toray  T-800  carbon  fiber  (12K/bundle). 
The  properties  of  the  unidirectional  prepreg 
tapes  and  imide  oligomers  are  summarized 
in  Table  1.  Unidirectional  (UD)  composites 
were  fabricated  in  an  autoclave.  In  order  to 
obtain  a  well-consolidated  T800/TA-PI 
composite,  the  solvent  (NMP)  and  reaction 
by-products  (H2O)  should  be  removed 
before  applying  pressure.  For  the  purpose, 
the  prepreg  was  held  at  250°C  for  0.5  hr. 
Subsequently,  pressure  (0.3  MPa)  was 
applied  and  the  temperature  was  increased  to 
370°C  and  held  for  1  hr. 

Evaluation  of  Mechanical  Properties 
Dynamic  mechanical  analyses  (DMS)  for 
the  unidirectional  (UD)  composites  were 
performed  on  Rheometrics  RSA  II.  A  beam 
specimen,  2  mm  in  width,  1.1  mm  in 
thickness,  56  mm  in  length,  was  prepared, 
and  three  point  bending  load  with  48  mm 
span  width  was  applied  at  a  fixed  strain  of 

fr  TY 

4,4’-ODA 


Fig.l  Synthetic  scheme  of  the  imide  oligomers  from  the  reaction  of  a-BPDA,  4,4'-ODA, 
and  PEPA 
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0.02%  and  a  fixed  frequency  of  1  Hz  under  a 
constant  heating  rate  of  3.75  °C/min.  The 
storage  (E’),  loss  (E”)  moduli,  and  tan  5 
were  measured  as  a  function  of  temperature. 
Short  beam  shear  strength  (ASTM  D2344) 
was  determined  on  12  ply  specimens  (12mm 
length,  6.35mm  width,  2.2mm  thickness)  at 
RT,  177,  and  300  °C.  Five  composite 
specimens  were  tested  under  each  condition. 
Three  point  flexural  strength  (ASTM  D790, 
span  width  25  mm)  was  determined  on  6  ply 
specimens  (70  mm  length,  12.7  mm  width, 
1.1  mm  thickness)  at  RT.  Three  composite 
specimens  were  tested. 

Table  1  Oligomer,  Prepreg  and  Composite 


Properties 


'll 

a 

n=4.5 

n=10.5 

Molecular  weight 
(calc.),  Mn 

1578 

2494 

5245 

Imide  oligomer  Tg, 
(°C)  * 

189 

230 

237 

Imide  oligomer 
minimum  melt 
viscosity  (Pa  sec) 

3.4 

(336°C) 

124 

(347°C) 

1750 

(369°C) 

Cured  polymer  Tg, 
(°C)  *■  ** 

351 

341 

308 

Prepreg  solids 
(wt  %) 

36.4 

30.4 

Prepreg  volatiles 
(wt%) 

15.6 

15.3 

Carbon  fiber  areal 
weight  (g/m2) 

240 

240 

Prepreg  areal 
weight  (g/m2) 

365 

350 

Composite  fiber 
fraction  (vol.  %) 

64.2 

69.6 

Composite  porosity 
(vol.  %) 

0.8 

4.0 

*  Estimated  by  DSC  technique 
**  Cured  at  370°C  for  1  hr. 


Results  and  Discussion 

Rheological  Properties  oflmide  Oligomers 
The  dynamic  rheological  behaviors  of  the 
imide  oligomers  are  shown  in  Fig.2.  The 
minimum  viscosities  were  3.4,  124,  and 
1750  Pa  sec  for  oligo-2.5  (Mw~1578),  -4.5 
(Mw~2494),  and  -10.5  (Mw~5245), 

respectively,  which  corresponded  to  the 
viscosities  reported  for  PETI-5  (5.0,  90,  and 


Temperature  (°C) 

Fig.  2  Dynamic  viscosity  of  the  imide 

oligomers  (n=2.5,  4.5, 10.5) 

1000  Pa  sec  for  Mw~1250,  -2500,  and 
-5000)  [3].  It  should  be  noticed  that  the  melt 
viscosities  above  310°C  are  not  stable 
because  of  the  phenylethynyl  group  reaction, 
and  the  melt  viscosity  below  310°C  is  more 
important  for  actual  composite  processing 
than  the  minimum  viscosity.  Therefore, 
lower  molecular  weight  is  suitable  to 
improve  processbility. 

Mechanical  Properties  of  UD-Composites 
The  lower  molecular  weight  oligomer  is 
expected  that  it  had  a  higher  Tg  and  lower 
mechanical  properties,  because  of  the  higher 
crosslink  density.  In  this  study,  the 
UD-composites  with  oligo-2.5  and  -4.5  were 
fabricated,  and  mechanical  properties  were 
investigated.  Fig.3  shows  a  DMA  trace  of 
the  T800/TA-PI  composites.  The  estimated 
Tg  determined  from  E'  by  setting  up 
tangents  to  the  linear  portion  of  the  curve 
before  and  after  the  modulus  drop  off  was 
approximately  320°C  and  290°C  for  the 
TA-PI(2.5)  and  TA-PI(4.5)  composites, 
respectively.  Short  beam  shear  strengths  for 
the  T800/TA-PI  (2.5,  4.5)  and  IM7/PETI-5 
composites  are  shown  in  Fig.4  [2].  The 
T800/TA-PI(2.5)  composite  exhibites  higher 
SBS  strength  at  elevated  temperature,  which 
attributes  to  higher  Tg  as  well  as  proper 
fiber  volume  fraction  compared  to  the  TA-PI 
(4.5)  composite.  Although  thermoplastic 
deformation  was  slightly  observed  before 
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0  100  200  300  400 

Temperature  (°C) 


0  100  200  300  400 

Temperature  (°C) 


(a)  T800/  TA-PI(2.5) 


(b)  T800/TA-PI(4.5) 


Fig.  3  Dynamic  Mechanical  Analysis  (DMS)  trace  of  the  Unidirectional 
T800/TA-PI  Composites. 


interlaminar  fracture  at  300°C,  the  apparent 
SBS  strengths  for  the  T800/TA-PI 
composites  were  quite  excellent.  Flexural 
strengths  of  the  TA-PI(2.5)  and  TA-PI(4.5) 
composites  were  2151  MPa,  and  2194  MPa, 
respectively.  In  spite  of  high  crosslink 
density  due  to  low  molecular  weight,  the 
T800/TA-PI  composites  exhibit  excellent 
mechanical  properties.  It  is  supposed  that 
the  irregular  and  asymmetric  structure  of 
Triple  A-PI  produces  excellent  mechanical 
properties  such  as  fracture  toughness,  and 
elongation  to  failure. 

Conclusion 

Processing  and  mechanical  properties  of  the 
T800/TA-PI  composites  were  investigated. 
In  spite  of  low  molecular  weight  (<2500), 
the  T800/TA-PI  composites  exhibit  excellent 
shot  beam  shear  strengths  at  elevated 
temperature  with  high  glass  transition 
temperature.  This  is  due  to  the  irregular  and 
asymmetric  structure  of  the  TA-PI  polymer 
derived  from  a-BPDA. 
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Abstract 

Cyanate  ester  is  used  as  the  matrix 
resin  for  CFRP,  especially  for  aerospace 
applications  that  need  low  moisture  pick-up. 
Nippon  Mitsubishi  Oil  Corp.  (NMOC)  has 
developed  new  cyanate  ester  resin 
formulations  suitable  for  prepregs  and  for 
resin  transfer  molding  (RTM).  The  new 
formulations  have  good  handleability  and 
processability,  without  compromising  the 
inherent  properties  of  the  cyanate  resin.  The 
neat  resin  properties  before  and  after  curing 
will  be  discussed  in  comparison  with  the 
epoxy  resin  system,  and  the  mechanical 
properties  of  the  composites  will  be 
described  using  high  modulus  PAN  and 
pitch-based  carbon  fibers. 

Key  Words:  Cyanate  ester,  Prepreg,  RTM, 
Matrix 

Introduction 

The  use  of  carbon  fiber  reinforced 
plastics  (CFRP)  for  satellite  parts  is 


increasing  because  of  their  light  weight, 
near-zero  coefficient  of  thermal  expansion 
(CTE)  and  other  advantages  compared  to 
metals.  The  carbon  fiber  mainly  provides  the 
mechanical  properties,  such  as  strength, 
modulus,  and  CTE,  while  the  matrix  resin 
contributes  to  the  heat  resistance,  moisture 
absorption,  and  so  on.  Before  1990,  epoxy 
resin  systems  were  usually  chosen  and  used 
because  of  their  availability,  low  cost  and 
proven  track  record.  But  because  of  its 
relatively  high  moisture  pick-up,  epoxy  resin 
sometimes  showed  poor  dimensional 
stability  and  also  caused  problems  with 
optical  and  electrical  instruments.  In  the 
1990 ’s,  cyanate  resin  matrixes  began  to  be 
used  for  specific  parts  of  satellites  because 
of  the  lower  moisture  absorption.  Although 
the  cost  of  cyanate  resin  was  much  higher 
than  that  of  epoxy  and  it  is  still  expensive 
now,  cyanate  resin  is  widely  used  in 
aerospace  applications.  But  prepregs  made 
with  cyanate  resins  are  not  comparable  with 
epoxy  prepregs  in  terms  of  their 
handleability,  processability  or  shelf  life.  To 
resolve  these  issues,  NMOC  has  developed 
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two  cyanalc  resin  systems  for  prepregs  and 
another  system  for  RTM. 

Results  and  Discussions 

The  designations  of  the  newly 
developed  cyanate  ester  resin  formulations 
are  shown  in  Table  1.  NM20  is  the  180°C 
cured  formulation  for  RTM.  NM25  and 
NM31  are  both  used  for  prepregs  and  arc  the 
130°C  and  180°C  cured  types,  respectively. 
The  180°C  cured  systems  (NM20  and 
NM31)  can  be  used  in  parts  that  need  high 
service  temperatures  around  180°C.  The 
130°C  cured  type  (NM25)  is  for  parts  that 
do  not  require  high  Tg.  Curing  at  130°C 
leads  to  lower  processing  costs  and  smaller 
residual  stress  in  the  CFRR 


Table  1  Cyanate  Resin  Formulations 


Application 

Cure  condition 

NM20 

RTM 

180°C  x  2h 

NM25 

Prepreg 

130eC  x  3h 

NM31 

Prepreg 

180°C  x  2h 

Temperature-  Viscosity  Properties 
Viscosity  is  an  important  property  for  resin 
systems  both  for  prepregs  and  for  RTM.  The 
temperature-viscosity  curve  was  measured 
with  a  rheometer  (Rhcometrics,  RDS-II)  in 
the  parallel  plate  mode.  The  rate  was  10  Hz, 
and  the  ramp  rate  was  2°C/min.  Fig.  1 
shows  the  comparison  of  the  temperature- 
viscosity  curves  of  the  several  formulations 
(#1,  #2  and  #3)  and  NM31.  #1  and  #2 

resins  were  less  tacky  in  a  prepreg  at  the 
room  temperature,  and  #3  was  too  tacky. 
The  excess  resin  flow  was  observed  by  #1 
and  #3  formulations  during  the  usual  auto 
clave  curing.  Improving  on  these  properties, 
NM31  has  a  lower  viscosity  at  room 
temperature  than  #1  and  #2,  and  higher 
minimum  viscosity  compared  to  #1  and  #3 
formulations.  The  differences  in  the 
viscosity  values  were  not  very  large, 
adequate  tack  and  drapability  were  obtained, 
and  the  resin  flow  was  controlled  well. 


Fig.  1  Temperature-Viscosity  Curve 
of  NM31 


Figure  2  shows  the  temperature-viscosity 
curves  of  NM25  for  prepreg  and  NM20  for 
RTM.  NM25  had  almost  the  same  viscosity 
as  NM31  at  room  temperature,  so  the  tack 
and  drapability  of  the  prepreg  were  adequate. 
There  was  no  problem  with  excess  resin 
flow  with  NM25  because  the  cure  reaction 
started  at  a  lower  temperature  and  the 
minimum  viscosity  was  much  higher  than 
for  NM31.  For  RTM,  a  low  viscosity  is 
required  during  the  resin  transfer.  The 
viscosity  of  NM20  is  about  six  orders  lower 
than  that  of  the  resins  for  the  prepreg.  It 
enables  the  production  of  RTM  at  low 
temperatures;  this  results  in  a  longer  pot  life 
of  the  resin,  and  the  resin  can  therefore  be 
adopted  for  large  structural  moldings. 
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Fig  2  Temperature-Viscosity  Curve 
of  NM25  and  NM20 
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Glass  Transition  Temperature  (Tg) 

The  Tg  value  was  measured  using  a  DSC 
(Seiko  Instruments,  DSC-200)  with  a  ramp 
rate  of  20°C/min.  The  Tg  was  determined  to 
be  the  midpoint  of  the  transition  range. 
Table  2  shows  the  Tg  values  of  the  180°C 
cured  resins.  As  shown  in  Table  1,  the  cure 
condition  both  for  NM20  and  NM31  was 
180°C  x  2h.  The  post  curing  was  conducted 
at  232°C  (450 °F)  x  2  h  to  get  higher  thermal 
resistance.  The  Tg  of  both  resins  was  raised 
to  240°C  by  post  curing;  this  is  a  very  high 
level  for  thermoset  resins. 


Table  2  Tg  of  Cured  Resins  (180°C  cure) 


NM20 

NM31 

180°C  x  2h 

170 

188 

232°C  x  2h  Post  Cure 

240 

246 

Table  3  shows  the  Tg  of  the  130°C  cured 
type,  that  is,  NM25  cured  at  130°C  x  3h. 
The  level  of  the  Tg  is  in  the  acceptable 
range  for  parts  that  do  not  need  heat 
resistance. 

Table  3  Tg  of  Cured  Resin  (130°C  cure) 


NM25 

130°C 

180°C 

x  3h 

x  lh  Post  Cure 

145 

165 

Flexural  Test  of  the  Cured  Resin 
Sometimes  it  is  difficult  to  prepare  a  large 
specimen  only  from  a  neat  resin  without 
defects  such  as  small  voids,  so  the  test 
results  for  large  specimens  tend  to  vary 
widely.  In  this  developmental  work,  a  small 
specimen  (60  x  3  x  3  mm)  was  used  to 
minimize  the  deviation  in  the  flexural  test. 
The  span  was  30  mm,  L/D=10,  and  the 
crosshead  speed  was  1  mm/min.  Table  4  and 
Fig.  3  show  the  results  of  the  flexural  test  of 
the  cured  neat  resins.  NM20  and  NM25  have 
good  strain  values  of  about  6%.  The  strength 
and  strain  values  of  NM31  are  lower  than 
those  of  the  other  two  resins,  but  as 
described  below  there  is  no  problem  with 
the  composite  properties. 


Strain  (%) 

Fig.  3  Flexural  Test  of  Cured  Resin 


Flexural  Properties  of  Post  Cured  Resins 
Fig.  4  shows  the  effect  of  the  post  curing  on 
the  flexural  properties.  Better  strain  and 
strength  values  were  observed  as  a  result  of 
the  post  curing.  In  the  case  of  conventional 
epoxy  resin,  the  strength  and  strain  are 
usually  reduced  by  post  curing.  This  point  is 
thus  an  advantage  of  the  cyanate  resin  with 
high  thermal  resistance  by  post  curing. 


Strain  (%) 

Fig.  4  Flexural  Test  of  NM20 


Moisture  Absorption 

The  moisture  absorption  properties  of  the 
cured  cyanate  resins  were  compared  with  the 
conventional  epoxy  resin  at  room 
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temperature  and  50%  relative  humidity.  Fig. 
5  shows  the  results  for  NM31  and  the  epoxy 
resin.  The  moisture  absorption  of  cyanate 
reaches  equilibrium  much  faster  than  that  of 
the  epoxy;  the  value  was  between  0.2  - 
0.3%  for  the  three  developed  resin  systems. 


Fig.  5  Moisture  Absorption  of 

Cured  Resins  (25 °C,  50%RH) 

Mechanical  Properties  of  the  Composites 
The  pitch-based  carbon  fiber  YSH-50A-60S 
from  Nippon  Graphite  Fiber  Corp.  and  the 
PAN-based  carbon  fiber  M60J  from  Toray 
were  chosen  to  confirm  the  mechanical 
properties  of  the  CFRP. 

Table  5  Mechanical  Properties  of 


YSH-50A/NM25 


Fiber 

YSH-50A-60S 

Resin 

NM25 

25P* 

0  0  Tensile  Strength 

MPa 

2080 

2080 

Modulus 

GPa 

321 

317 

Elongation 

% 

0.58 

0.57 

0  °  Compressive  Strength 

MPa 

525  ! 

529 

Modulus 

GPa 

262 

265 

Elongationl 

% 

0.34 

0.31 

0  °  Flexural  Strength 

MPa 

925 

936 

Modulus 

GPa 

239 

255 

Elongationl 

% 

0.44 

0.41 

ILSS 

MPa 

82 

84 

^  25P  is  the  epoxy  resin  matrix  from  NMOC 


Tabic  6  Mechanical  Properties  of 


M60J/NM25 


Fiber 

M60J 

Resin 

NM25 

#2500* 

0  °  Tensile  Strength 

MPa 

2220 

2010 

Modulus 

GPa 

360 

365 

Elongation 

% 

0.59 

0.60 

0°  Compressive  Strength 

MPa 

838 

785 

Modulus 

GPa 

334 

- 

Elongationl 

% 

0.28 

- 

0  °  Flexural  Strength 

MPa 

1186 

1080 

Modulus 

GPa 

296 

305 

Elongationl 

% 

0.40 

- 

ILSS 

MPa 

79 

69 

^Thc  values  in  the  right  column  are  the  catalogue 
values  from  Toray,  using  #2500  epoxy  resin  matrix. 


There  was  no  apparent  difference  between 
the  values  with  NM25  and  epoxy  matrix, 
thus  confirming  the  good  properties  of  the 
cyanate  resin.  Mechanical  tests  of  YSH- 
50A/NM31  were  also  conducted  and  almost 
the  same  properties  were  confirmed. 

Conclusions 

New  cyanate  resin  formulations  for 
carbon  fiber  prepreg  and  RTM  were 
developed.  The  resins  for  the  prepreg  have 
good  handlcability  and  processability,  with 
the  inherent  good  properties  of  low  moisture 
absorption.  Tests  of  the  mechanical 
properties  of  CFRP  using  the  other  fibers, 
especially  high  modulus  fibers,  will  be 
conducted  in  the  near  future.  The  RTM 
process  with  cyanate  resin  is  still  not 
popular,  but  the  CFRP  properties  must  be 
tested  in  comparison  with  epoxy  resin. 
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Abstract 

A  new  low  temperature  cure  material, 
#850,  was  introduced.  #850  can  be  initial 
cured  at  80°C  and  be  free-standing  postcured 
at  180°C.  It  can  be  used  for  high  temperature 
applications,  because  glass  transition 
temperature  of  postcured  #850  laminate  is  as 
high  as  195°C.  #850  is  suitable  for  molding  a 
large  scale  and  complex  shaped  composite 
part,  for  its  prepreg  life  is  longer  than  30  days 
despite  its  low  temperature  curability.  Using 
#850  prepreg  system  is  quite  cost  effective 
especially  for  small  volume  manufacturing 
such  as  prototype  model  construction, 
because  it  gives  void  free  composite  by  a 
conventional  vacuum  bag  only  molding 
process  in  which  a  low  cost  wooden  mold  can 
be  used  because  of  the  low  initial  cure 
temperature. 

Details  of  processing  including  heat 
generation  and  cure  shrinkage  are  discussed. 
Mechanical  and  thermal  performance  UD 
prepreg  laminates  are  also  presented. 

Key  Words:  Prepregs,  Vacuum  Bagging, 
Low  Temperature  Cure 

Introduction 

Carbon  fiber  composite  are  widely 
used  in  the  fields  of  sporting  goods  and 


high-speed  industrial  machines  as  well  as 
aerospace  industries,  where  both  low  weight 
and  high  strength  are  desired.  Historically, 
the  cost  of  manufacturing  composite  parts 
has  become  relatively  high,  because  recent 
market  pressure  and  carbon  fiber 
manufacturer's  efforts  are  leading  to  the  cost 
reduction  of  carbon  fiber.  To  better  exploit 
the  vast  applications  of  this  high  performance 
material,  manufacturing  processes  (resins 
and  methods)  require  cost  effective 
processing  without  sacrificing  the  high 
performance  of  the  fibers  and  the  matrix. 
This  combination  of  best  material  and  lowest 
cost  processing  is  being  vigorously  pursued 
on  a  global  basis. 

Low  temperature  curable  prepreg  is 
the  latest  solution  for  this  purpose  [1,  2]. 
Tooling  cost  should  be  estimated  as  the  cost 
divided  by  the  number  of  parts  produced  with 
one  tooling  effort.  If  more  than  one  hundred 
parts  are  produced,  the  cost  of  tooling  would 
not  be  a  significant  problem.  But,  if  only  one 
or  two  parts  are  manufactured  with  one 
tooling  (as  is  the  case  of  prototype  programs), 
the  reduction  of  tooling  cost  has  a  significant 
impact.  Low  temperature  curable  prepreg 
reduces  the  tooling  cost  by  employing 
wooden  or  plaster  tools  instead  of  metal  ones. 
However,  the  application  of  the  low 
temperature  curable  prepreg  (which  can  be 
molded  with  low  cost  wooden  tools)  has  been 
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rather  limited  due  to  its  high  temperature 
performance  and  prepreg  life,  each  of  which 
is  generally  limited  as  compared  with 
conventional  autoclave  cure  prepregs. 

In  the  early  1990s,  the  first  long  out 
time  low  temperature  curing  system,  #820, 
was  introduced,  with  a  4  weeks  long  out  time 
at  room  temperature.  #820  was  welcomed  by 
the  market  not  only  for  its  low  temperature 
cure  property,  80°Cx5  hours  or  90°Cx2 
hours,  but  also  for  its  high  mechanical 
properties  which  were  equal  to  conventional 
120°C  cure  systems  such  as  MRC  #340  resin 
system.  Low  temperature  cure  property  was 
further  improved  by  #830,  which  can  be 
cured  at  70°C  within  3  hours  maintaining  4 
weeks  long  out  time.  #830  was  used  for  the 
construction  of  the  America's  Cup  class  yacht 
by  vacuum  bag  molding. 

In  2000,  a  new  low  temperature 
curable  system  with  high  temperature 
performance,  #850,  was  introduced.  Typical 
cure  cycle  of  #850  is  5  hours  at  90°C  in  a 
vacuum  bag  followed  by  a  freestanding 
post-cure  at  180°C  (about  350°F)  for  4  hours. 
With  this  post-cure,  #850  obtains  excellent 
high  temperature  properties,  and  the 
extended  prepreg  out  time  (>  4  weeks)  of 
#850  enables  this  material  to  be  used  for 
large-scale  composite  structures  often  found 
in  aerospace  applications. 

EXPERIMENTAL 

Materials 

#850  is  a  proprietary  epoxy  resin  of 
Mitsubishi  Rayon  Co.  TR30M  is  an 
aerospace  grade  standard  modulus  PAN 
based  carbon  fiber  from  Mitsubishi  Rayon 
Co.  Unidirectional  prepreg  was  made  by 
hot-melt  (non-solvent)  process. 

The  UD  prepreg  has  an  areal  fiber  weight  of 
190  g/m2  and  resin  content  of  34%  by 
weight. 

Laminate  Molding  Procedure 
Conventional  lay-up  procedure  and  bag  style 


can  be  applied  to  #850. 

The  following  cure  cycle  was  employed.  The 
mold  was  heated  from  room  temperature  to 
60°C  in  1  hour,  and  held  at  60°C  for  1  hour, 
followed  by  heating  up  to  100°C  in  1  hour, 
and  a  5  hours  hold  at  100°C.  The  dwell  at 
60°C  is  recommended  to  ensure  the 
temperature  uniformity  for  large-scale 
molding. 

For  freestanding  post-cure,  the  laminate  was 
heated  as  it  took  1  hour  to  reach  100°C,  and 
16  hours  to  reach  180°C,  then  it  was  held  at 
that  temperature  for  4  hours. 

Detail  in  the  laminate  molding  procedure  was 
reported  in  the  previous  paper [3]. 


Testing 


, . ir. ....... r. . .. 

Fig.l  Schematic  Diagram  of  the  P-V-T 
Apparatus 
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Cure  shrinkage  of  the  #850  resin  was 
measured  with  a  P-V-T  apparatus,  which  was 
designed  by  one  of  the  authors  [4], 

The  sample  resin  is  confined  in  the  sample 
cell  of  the  P-V-T  apparatus  with  mercury  as 
show  in  Fig.  1,  and  cure  shrinkage  is  detected 
as  stretching  of  the  bellows  of  the  sample 
cell. 

Cure  cycle  of  5  hours  at  90°C  or  15  hours  at 
80°C  followed  by  post-curing  at  180°C  for  4 
hours  was  applied  under  lOMPa.  Heating  rate 
was  fixed  at  lK/min  for  cure  the  shrinkage 
measurement. 

Other  testing  procedures  were  as  detailed  in 
[3]- 


RESULTS  and  DISCUSSION 

Heat  Generation  by  DSC 
DSC  curve  at  the  rate  of  lOK/min  has  a  sharp 
peak  at  170°C  with  an  onset  point  at  150°C, 
giving  total  exotherm  of  530  J/g.  With  the 
slower  scanning  rate  of  5K/min,  peak 
temperature  and  onset  point  were  observed  to 
shift  down  to  126°C  and  104°C  respectively. 
However,  the  total  exotherm  was  observed  to 
be  constant. 


Fig.2  Heat  generation  during  isothermal 
cure 

Isothermal  cure  exotherm  curves  in  Fig.2 
indicate  that  the  degree  of  cure  after  initial 
cure  of  100°C  is  more  than  85%,  while  it  is 


75  to  80%  after  90°C  initial  cure.  In  the 
region  of  low  degree  of  cure  (less  than  50%), 
the  reaction  rate  is  approximately  tripled  by 
every  10K  over  90°C,  while  the  reaction  rate 
at  80°C  is  10  times  slower  than  that  at  90°C. 
In  spite  of  the  slow  reaction  rate  at  80°C,  the 
isothermal  reaction  curve  of  80°C  indicates 
that  it  is  possible  to  obtain  a  rigid  green 
composite  with  enough  strength  at  80°C,  if 
the  proper  length  of  cure  cycle  is  used. 

Cure  Shrinkage  by  P-V-T  Apparatus 
Figure  3  shows  how  specific  volume  of  #850 
changes  during  cure  cycle.  Specific  volume 
of  uncured  (raw)  #850  is  0.832cm3g'1  at  90°C, 
and  the  specific  volume  converges  to 
0.80cm3g_1  during  5  hour  holding. 

Indeed  the  correspondence  between  the  heat 
generation  obtained  by  DSC  and  the  cure 
shrinkage  obtained  P-V-T  apparatus  was  not 
good,  it  is  confirmed  that  5  hour  holding  is 
long  enough  for  90°C  initial  cure. 

Likewise,  specific  volume  of  0.799  cm3g_1  at 
80°C  was  obtained  after  15  hour  of  80°C 
holding.  Because  0.799  cm3g_1  at  80°C 
corresponds  to  0.801  cm3g'3  at  90°C,  it  was 
confirmed  that  it  is  possible  to  obtain  a 
sufficient  degree  of  cure  by  80°C  initial  cure, 
if  the  proper  length  of  cure  cycle  is  used. 


5  Time  /h  10 


Fig.3  Shrinkage  of  #850  resin  during  2 
step  cure  (90°C  for  5  h  followed  by  180°C 
for  4h,  heating  rate  =  lK/min) 
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Temperature  /°C 


In  Fig.  4,  specific  volume  during  cooling 
process  is  also  shown.  At  90°C,  specific 
volume  of  after  post-curing  is  larger  than  that 
before  post-curing.  The  increase  of  specific 
volume  indicates  that  cross-linkings 
generated  by  post-curing  prevent  the  packing 
of  molecules  and  cause  increase  of  free 
volume  of  the  resin. 


Temperature  /°C 

Fig.4  Specific  volume  of  #850  resin  during 
the  cure  cycle  including  cooling 

Mechanical  Properties 
Mechanical  properties  of  TR30M/#850  are 
summarized  in  Table  1.  The  performance  of 
TR30M/#850  is  very  similar  to  first 
generation  177°C  (350°F)  cure  epoxy 
systems. 

Table  1  Mechanical  Properties  of 
TR30M/#850 


23°C 

180°C 

0°  Ten.  Strength 

MPa 

2030 

2190 

Modulus 

GPa 

138 

145 

Elong. 

% 

1.36 

1.35 

0°  Comp.  Strength 

MPa 

1420 

1000 

90°  Ten.  Strength 

MPa 

57.2 

Modulus 

GPa 

8.21 

Elong. 

% 

0.74 

Short  Beam  Shear 

MPa 

100 

45 

0°  Flex.  Strength 

MPa 

1480 

853 

Modulus 

GPa 

108 

102 

Elong. 

% 

1.4 

0.85 

Conclusions 

#850  prepreg  is  a  low  temperature 
curable  and  freestanding  post-curable  system 
which  gives  low  void  composite  by  a 
conventional  vacuum  bag  only  molding 
process.  It  can  be  initial  cured  at  80°C  using 
low  cost  wooden  or  plaster  molds.  The  heat 
resistance  of  the  post-cured  composite  is  high 
enough  that  it  can  be  used  under  severe 
condition  such  as  140°C  environment.  The 
long  out  time  of  #850  (more  than  30  days) 
enable  the  material  to  be  used  for  producing 
large  scale  and  complex  shaped  composites. 
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Abstract 

The  paper  investigates  the  effects  of 
long-term  thermal  cycling  and  isothermal 
aging  on  the  residual  compressive  strength  of 
carbon  fiber  /  BMI  matrix  composite 
laminates.  Two  kinds  of  composites  from  the 
same  family  were  tested  by  static 
compression  load  and  examined  by 
microscopy  after  subjecting  to  various  aging 
conditions.  The  compression  tests  were 
carried  out  on  non-holed  and  open-hole 
specimens.  Damage  was  separately  assessed 
by  weight  loss  and  observed  by  electron  and 
light  microscopes  on  aged  open-hole  coupons. 
Over  the  glassy  range  of  the  composites,  it 
appears  that  the  residual  compressive 
strength  is  not  only  depending  on  both 
weight  loss  and  cracking.  In  prospect,  it 
appears  necessary  to  develop  a  model  for 
each  parameter  and  include  them  in  a  more 


complex  mechanical  model.  This  reserch 
examines  the  effect  of  thermal  cycling  and 
isothermal  aging  conditions  (temperatures 
and  times)  on  the  mechanical  properties  and 
attempts  to  explain  the  role  of  the  overall 
aging  process. 

Key  Words:  Polymer  matrix  composites, 
Compressive  strength,  Degradation,  Cracking, 
Thermal  cycling  and  aging 

Introduction 

Carbon  fiber  /  polymer  matrix 
composite  laminates  have  high  potentialities 
as  light  structural  materials  for  the  next 
generation  supersonic  transport  but  they  must 
undergo  rigorous  physical  and  mechanical 
testing  to  be  qualified.  Particularly,  the  long¬ 
term  behavior  is  a  major  barrier  to  expand 
their  use  in  such  aircraft  structures.  The 
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problems  associated  with  aging,  durability 
and  predicting  life  of  polymer  matrix 
composites  have  been  highlighted  by  many 
aerospace  industries.  To  predict  the  response 
of  new  generation  of  composite  materials,  it 
is  therefore  proposed  to  establish  a 
relationship  between  mechanical 
characterization  and  damage  achieved  after 
aging  through  experimental  proofs. 
Delamination  or  cracking  can  severely 
degrade  the  performance  of  composite 
materials.  As  a  result,  structural  design  using 
polymer  matrix  composites  is  based  on  very 
conservative  design  allowable.  There  is  a 
strong  need  to  develop  composite  materials 
that  are  more  tolerant  of  damage. 

Materials  and  Specimens 

Two  kinds  of  composite  materials 
from  the  BMI  resin  family  were  used  to 
investigate  the  effects  of  thermal  cycling  and 
isothermal  aging  on  compressive  strength. 
One  sort  of  materials  was  prepared  by  NAL 
(National  Aerospace  Laboratory  of  Japan) 
and  consisted  of  Cytec  Fiberite  prepregs 
made  of  G40-800  carbon  fibers  and  5260 
BMI  resin.  The  other  sort  was  prepared  by 
ONERA  (National  Aerospace  Research 
Agency  of  France)  and  consisted  of  Hexcel 
prepregs  made  of  T800H  carbon  fibers  and 
F655-2  resin.  The  two  kinds  of  materials 
were  32-ply  laminates  with  a  stacking 
sequence  of  [+45/0/-45/90]4s  and  cut  into  the 
geometry  appropriate  to  the  thermal  cycling 
and  isothermal  aging  in  ovens.  For  each 
laminate,  a  series  of  panels  were  unnotched 
for  non-holed  compression  tests  and  another 
panels  with  a  center  hole  of  6.35  mm  in 
diameter  for  open-holed  compression  tests. 
In  addition,  small  square  coupons  from  the 
same  laminates  were  machined  (40  mm  x  40 
mm),  polished  and  used  for  examining  of 
cracks  during  thermal  cycling  and  isothermal 
aging. 

Experimental  Procedure 


Panels  and  coupons  were  thermal- 
cycled  up  to  1,000  cycles  in  an  oven  and  a 
holding  of  5  minutes  at  the  lowest  and 
highest  temperatures.  A  first  series  was 
conducted  between  -50  and  +120°C,  a 
second  series  between  -50  and  +150°C  and 
another  between  -50  and  +180°C.  Then, 
these  three  series  were  isothermally  aged  at 
120,  150  and  180°C  respectively.  Three 
isothermal  aging  times  were  1 ,000,  3,000  and 
6,000  hours  for  each  temperature.  After 
thermal  cycling  and  isothermal  aging,  the 
coupons  were  removed  and  examined  by  a 
light  microscope  for  counting  cracks  initiated 
on  free  edges.  Likewise,  the  unnotched  and 
open-hole  panels  were  removed  and 
machined  into  the  specimens  for  compression 
tests.  Then  damaged  free  edges  from  panels 
were  taken  away.  Hence,  only  damaged  areas 
from  surfaces  and  holes  were  preserved 
within  the  test  specimens  (Shimokawa  et  al 

[ID- 

Test  Results  and  Discussion 

For  all  specimens  from  two  kinds  of 
composite  laminates,  damage  and 
compression  syrength  were  analyzed  and 
numerous  significant  observations  gained 
from  the  experimental  works  were  discussed. 

Degradation  Assessment 
First,  weight  losses  have  been  collected 
during  thermal  cycling  and  isothermal  aging 
on  the  small  open-holed  square  coupons. 
Data  show  that  there  is  not  very  much  or  not 
at  all  in  the  development  of  weight  losses  for 
1,000  cycles  because  dwell  times  are  very 
short  as  five  minutes.  Cumulated  hours  at  the 
maximum  temperature  were  only  83  hours. 
Moreover,  for  each  thermal  cycling,  there 
were  continuously  remove  and  recovery 
about  humidity  and  therefore  weight  losses 
are  not  significant  on  the  degradation  of 
composite  laminates.  During  the  isothermal 
aging,  only  180°C  is  a  temperature  capable 
possibly  to  degrade  the  BMI  structure.  It  is 
true  that  the  BMI  resin  is  recommended  for 
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use  temperatures  at  least  equivalent 
otherwise  higher  than  the  test  temperatures. 
Particularly,  oxidation  at  180°C  is  more 
effective  than  at  lower  temperatures  and 
gives  rise  a  removal  of  various  volatile 
products  (Salin  and  Seferis  [2]).  However,  as 
indicated  in  Fig.  1,  even  at  180°C  weight  loss 
decreases  very  slightly. 


Fig.  1  Weight  loss  versus  aging  time  at  three 

temperatures  of  T800H/F655-2  composites 

During  isothermal  aging,  transverse 
and  longitudinal  cracks  are  increased.  Fig.  2 
shows  a  photomicrograph  of  the 
T800H/F655-2  composite  aged  at  180°C  for 
6,000  hours. 


Fig.  2  Cracking  after  thermal  cycling  and 

isothermal  aging  at  1 80°C/6000h  of  the 
quasi-isotropic  T800H/F655-2  composite. 

In  all  cases,  crack  distribution  is 
homogeneous  in  the  eight  0°  plies.  If  one 
consider  only  transverse  cracking,  Fig.  3 
shows  a  straightforward  representation  of 
transverse  crack  densities  as  a  function  of 
aging  time  for  all  coupons  and  at  the  three 
temperatures.  Crack  density  is  the  average 
number  of  transverse  cracks  crossing  entirely 


a  layer  and  determined  per  one  millimeter 
long. 


Fig.  3  Transverse  crack  densities  of  the 

quasi-isotropic  T800H/F655-2  composite. 

This  figure  illustrates  clearly  the 
existence  of  two  diagnostic  points  in 
transverse  cracking.  The  first  point  is  the 
onset  of  cracking  only  insured  by  thermal 
cycling  at  180°C  for  G40-800/5260  whereas 
a  small  number  of  cracks  were  already 
observed  for  T800H/F655-2  at  120°C  and 
150°C.  For  thermal  cycling  at  120°C  and 
150°C,  the  onset  is  superimposed  on  the  time 
axis  for  G40-800/5260.  This  point  is 
followed  by  a  transition  region  in  which 
cracks  develop  very  rapidly  at  150°C  and 
180°C.  The  second  diagnostic  point  marks 
the  end  of  the  development  at  which  a  crack 
saturation  is  reached  and  maintained.  This 
type  of  plot  also  shows  the  effect  of 
temperature  on  the  crack  density  versus  time. 

Compression  Test 

Compression  tests  were  carried  out  at  room 
temperature  and  conducted  by  means  of  a 
hydraulic  testing  machine.  Static 
compression  load  was  applied  at  the  rate  of 
1.0  mm/min.  Load  versus  deflection  plots 
were  recorded  for  all  tests  and  obtained 
results  were  linked  to  damage  from  the 
respective  examined  and  aged  coupons. 
Isothermal  aging  and  compression  tests  were 
carried  out  on  the  Japanese  specimens  by 
ONERA  and  inversely.  The  compression  test 
method  used  by  NAL  is  described  in  ref.  [1] 
and  that  used  by  ONERA  is  the  Airbus 
Industrie  method  (AITM  [3]). 
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Each  result  is  an  average  value 
obtained  from  two  test  specimens.  For  the 
two  laminates  and  all  the  test  configurations, 
either  before  or  after  aging,  compressive 
strength  decreases  slightly  with  temperature. 
The  sequence  of  events  that  leads  to  the  final 
failure  seems  the  same  for  all  aging  times 
and  test  temperatures.  Examination  of  failed 
specimens  shows  that  compressive  failure  of 
the  quasi-isotropic  laminate  seems  bring 
about  the  kinking  of  fibers  in  the  0°  plies 
then  damage  propagates  around.  This  is 
followed  by  delamination  of  the  laminate. 


Fig.  4  Compressive  strength  versus  aging  time  of 
non-holed  (upper  curves)  and  open-holed 
(lower  curves)  specimens  from  QI 
G40-800/5260  composite. 


Fig.  5  Compressive  strength  versus  aging  time  of 
non-holed  (upper  curves)  and  open-holed 
(lower  curves)  specimens  from 
QI  T800H/F655-2  composite. 

A  discussion  about  degradation 
tendencies  can  be  made  from  compression 
data  regarding  damages  as  functions  of  aging 
time.  We  have  an  evolution  of  the 
compressive  strength  and  the  other  hand,  a 
development  of  damage  consisting  of  weight 
loss  and  cracking.  Fig.  4  and  5  show  the 
failure  strength  at  the  three  temperatures  on 


non-holed  and  open-hole  specimens  from  the 
two  quasi-isotropic  (QI)  carbon/BMI 
composites. 

It  appears  clearly  significant  results 
and  fundamental  differences  between  the  two 
materials.  Though  compressive  strength 
measurements  of  two  composites  are  in  the 
same  order  of  magnitude,  the  evolution  of 
curves  is  significantly  different.  For  the 
T800H/F655-2  composite,  all  the  failure 
strengths  of  non-holed  specimens  decrease 
monotonously  due  to  the  damage  which 
develops  for  thermal  aging.  The  decrease  of 
the  failure  strength  of  open-hole  specimens  is 
slighter  at  180°C  even  slighter  still  for  the 
two  other  temperatures  than  those 
respectively  from  non-holed  specimens.  On 
the  contrary,  the  shape  of  curves  of  the  G40- 
800/5260  are  reversed  though  very  slightly 
for  the  open-hole  specimens.  This  evolution 
was  already  noted  on  other  composites 
(Plunkett  et  al  [4]). 
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Abstract 

In  this  paper,  the  tensile  strength  and 
Young's  modulus  of  short  carbon  fiber 
reinforced  polyimide  (SCFR-PI)  composites 
in  high  vacuum  and  temperature  conditions 
are  investigated.  In  order  to  clarify  the 
mechanical  behavior  of  SCFR-PI  composites, 
tension  tests  are  performed  by  the  use  of 
thermal  fatigue  testing  equipment.  After 
tension  tests,  the  damage  propagation  in  the 
SCFR-PI  specimens  was  observed  by  a 
scanning  electron  microscope  and  an  optical 
microscope.  Even  though  tested  at  the  same 
temperature  298  K,  the  tensile  strength  for 
the  SCFR-PI  specimens  kept  in  high  vacuum 
condition  is  higher  than  that  in  the 
atmospheric  condition.  Furthermore,  the 
SCFR-PI  has  higher  equivalent  Young's 
modulus  than  that  in  the  atmospheric 
condition.  In  high  vacuum  condition,  the 
degas  and/or  moisture  desorption  from  the 
matrix  and  from  the  interface  between  the 
matrix  and  fibers  occur.  There  is  found  to 
exist  the  effect  of  vacuum  condition  on  the 
tensile  strength  and  Young's  modulus  of 
SCFR-PI  composites  and  the  microfractures. 

Key  Words:  Short  Fiber  Reinforced 
Composites,  Mechanical  Behavior,  Space 
Environment,  Temperature  and  Vacuum 
Condition. 


Introduction 

Short  fiber  reinforced  organic 
composites  have  high  specific  strength  and 
can  be  easily  processed  by  the  injection 
molding.  Therefore,  they  are  increasingly 
being  used  in  large  variety  of  engineering 
applications,  especially  the  manufacture  of 
aircraft  structural  components  and  space 
structural  components  [1].  The  structural 
components  in  the  orbit  of  a  satellite  around 
the  earth  experience  high  vacuum  condition, 
and  cyclic  temperature  change  with  wide 
range.  Large  thermal  stresses  and  residual 
stresses  develop  in  the  structural  components 
of  the  composites  [2, 3].  The  performance  of 
the  fibers,  the  polymer  matrix  and  the 
interface  between  them  may  change  in  space 
environment.  These  components  must  be 
certified  for  service  under  a  range  of  severe 
space  environmental  conditions. 

In  this  paper,  the  tensile  strength  and 
Young's  modulus  of  short  carbon  fiber 
reinforced  thermoplastic  polyimide 
(SCFR-PI)  composites  are  examined  in  high 
vacuum  and  temperature  condition.  Tension 
tests  with  the  aid  of  acoustic  emission 
method  are  performed  in  the  temperature  and 
environmental  system  developed  by  the 
author.  In  order  to  consider  the 
microfractures  of  SCFR-PI  composites  and 
their  AE  characteristics,  the  damage 
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propagation  in  the  specimens  is  observed  by 
a  scanning  electron  microscope  (SEM)  and 
an  optical  microscope. 

Test  Specimens  and  Experimental 
Procedure 

Test  Specimens  of  SCFR-PI  Composite 
The  material  used  in  this  study  is  a  short 
carbon  fiber  reinforced  thermoplastic 
polyimide  composite  which  contains  short 
carbon  fibers  of  20%  or  30%  by  weight.  The 
average  fiber  length  and  diameter  are  130  pm 
and  8  pm,  respectively.  SCFR-PI  specimens 
were  made  by  an  injection  molding  method 
as  shown  in  Fig.  1 . 

Experimental  Procedure 
Tension  tests  for  the  SCFR-PI  specimens  in 
high  vacuum  and  temperature  environmental 
conditions  were  performed  by  using  the 
thermal  fatigue  testing  equipment  for 
advanced  composite  materials.  This  testing 
equipment  has  an  advanced  temperature  and 
environmental  system  in  order  to  conduct 
thermal  fatigue  test  at  temperature  range  93 
K  to  473  K  (-180°C  to  200“C)  and  vacuum 
levels  down  to  10'4  Pa  (10‘6  torr). 


Fig.l  Geometry  of  SCFR-PI  Composite 
Specimen 


The  specimens  were  subjected  to  tensile  load 
in  the  longitudinal  direction  of  the  specimen. 
The  testing  speed  was  kept  at  0.2  mm/min 
throughout  the  tests.  Before  the  tension  tests, 
the  specimens  were  hold  in  the  temperature 
and  environmental  system  and  kept  in  the 
high  vacuum  condition  10’4  Pa  at  298  K 
(25°C)  for  15  days. 

The  relationship  between  the  load  P 
and  the  loading  point  displacement  8  was 
recorded  in  an  X-Y  recorder.  All  the  AE 
signals  detected  by  a  wideband  AE 
transducer  were  monitored  and  recorded 
during  the  tests.  After  the  tests,  the  recorded 
signals  were  processed  by  a  personal 
computer,  and  the  damage  propagation  in  the 
SCFR-PI  specimens  was  observed  by  SEM 
and  an  optical  microscope. 

Experimental  Results  and  Discussion 

Fig.  2  shows  the  load  P  -  loading 
point  displacement  8  curve  for  the  SCFR-PI 
specimens  of  20  wt%  and  30  wt%  tested  at 
temperature  298  K  (25  °C)  in  high  vacuum 
condition  10'4  Pa.  The  P-8  curves  for  the 
specimens  tested  at  298  K  in  the  atmospheric 
condition  105  Pa  are  also  shown  in  Fig.  2. 
The  solid  line  indicates  the  result  of  the 
specimen  tested  in  high  vacuum  condition, 
and  the  broken  one  shows  that  in  the 
atmospheric  condition.  The  tensile  strength 
Gb  and  equivalent  Young's  modulus  E*  of 
SCFR-PI  composites  in  each  case  are 
summarized  and  shown  in  Table  1 . 

The  damage  in  the  specimens  after 
the  tests  was  observed  by  using  a  SEM  and 
an  optical  microscope.  The  fiber  pull-out 
length  for  the  specimen  in  high  vacuum 
condition  is  shorter  than  that  in  the 
atmospheric  condition.  Considering  our 
observation  for  the  fracture  surfaces,  it  can  be 
said  that  the  interfacial  bonding  strength 
between  carbon  fibers  and  the  resin  matrix 
becomes  much  better  in  high  vacuum 
condition  [4]. 
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Loading  Point  Displacement  8  mm 

Fig.2  P  -  8  Curve  for  SCFR-PI  Specimens 
Tested  at  Temperature  298  K 


Table  1  Tensile  Strength  and  Equivalent 
Young’s  Modulus  of  SCFR-PI  Composites 


Condition 

ob 

MPa 

E*  GPa 

fiber 

fraction 

fiber  fraction 

20wt 

%  30wt  %  20wt  % 

30wt  % 

High  Vacuum 

211 

228 

26.1 

36.3 

Atmospheric 

205 

223 

23.3 

25.5 

at  298  K 


Even  though  tested  at  the  same 
temperature  298  K,  the  tensile  strength  for 
the  SCFR-PI  specimen  tested  in  high  vacuum 
condition  is  higher  than  that  in  the 
atmospheric  condition  as  shown  in  Table  1. 
Furthermore,  the  SCFR-PI  has  higher 
equivalent  Young's  modulus  than  that  in  the 
atmospheric  condition.  The  strengthening  of 
SCFR-PI  composites  is  attributed  to  the 
nonexistence  of  air  around  the  specimens. 
The  organic  composite  contains  some  kind  of 
evaporated  substance  and  moisture  in  the 


matrix  resin[5].  In  high  vacuum  condition, 
the  degas  and/or  moisture  desorption  from 
the  matrix  and  from  the  interface  between  the 
matrix  and  fibers  must  occur,  and  thus  the 
matrix  resin  is  shrank.  The  residual  stresses 
yield  in  the  composites  owing  to  the 
mismatch  between  the  coefficient  of 
moisture  expansion  of  matrix  and  that  of 
fibers.  It  is  noted  that  the  degas  and/or 
moisture  desorption  may  change  the 
performance  of  each  material  and  the 
microfractures  of  SCFR-PI  composites. 

In  our  previous  paper[6,  7],  we  have 
investigated  the  mechanical  behavior  of 
CFRP  cross-ply  laminates  at  various 
temperatures  in  high  vacuum  condition  1CT4 
Pa  and  the  atmospheric  condition  105  Pa. 
The  values  of  tensile  strength  of  CFRP 
cross-ply  laminates  Ob  are  599  MPa  in  high 
vacuum  condition,  and  528  MPa  in  the 
atmospheric  condition.  The  values  of  E*  for 
the  specimens  in  high  vacuum  condition  and 
in  the  atmosphere  are  46.2  GPa  and  46.4  GPa, 
respectively.  From  these  experimental  result 
of  SCFR-PI  composites  and  CFRP  cross-ply 
laminates,  the  mechanical  behavior  of 
SCFR-PI  composites  is  found  to  be  quite 
different  from  that  of  CFRP  cross-ply 
laminates. 

Composite  properties  are  strongly 
dependent  on  the  arrangement  and 
distribution  of  fibers:  the  fiber  architecture. 
There  is  interest  in  understanding  the 
distribution  of  stresses  within  the  composite, 
and  the  consequences  of  this  for  stiffriess  and 
other  mechanical  properties.  The  basic 
results  of  the  shear  lag  treatment  can  be  used 
to  predict  the  elastic  deformation  of  the  short 
fiber  reinforced  composite  {the  Rule  of 
Averages )  [8].  All  the  fibers  in  the 
composites  are  aligned  in  the  loading 
direction  and  at  random  position  along  their 
length.  By  taking  account  of  fiber  end  stress 
transfer,  the  stress-strain  relationship  for  the 
composites  is  obtained  from 
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(Ef  -i^t)tanh(w.y)>l 


+  d  ~f)Em 

(1) 


in  which /  is  the  fiber  volume  fraction,  and  s 
is  the  aspect  ratio  of  a  fiber.  E/  and  Em  are 
Young’s  moduli  of  the  fiber  and  the  matrix, 
respectively,  n  and  E’m  are  given  by 


E'm 


1/2 


2  Em 

^(l  +  vjlnd//) 

=  Ej  (1  -  sec  h(ws))  +  Em 


(2) 

(3) 


The  prediction  of  Eq.  (1)  is  examined 
for  the  strength  and  Young’s  modulus  of 
SCFR-PI  composites.  It  is  found  that  the 
rule  of  averages  gives  the  good  prediction  of 
Young’s  modulus  of  the  composites  in  the 
atmospheric  condition,  however  the  rule  is 
not  applicable  to  the  prediction  of  the 
strength.  For  SCFR-PI  in  high  vacuum 
condition,  the  rule  can  not  be  used  to  evaluate 
the  strength  and  Young’s  modulus  of 
SCFR-PI  composites.  Arrangements  in 
short-fiber  systems  are  more  complex,  and 
methods  of  characterizing  them  must  be 
described  for  evaluation  of  SCFR-PI 
composites  in  high  vacuum  and  temperature 
condition. 


Conclusions 

The  tensile  strength  and  Young's 
modulus  of  SCFR-PI  composites  at  the 
temperature  298  K  in  high  vacuum  condition 
l(FPa  and  in  the  atmospheric  condition  is 
investigated  in  this  paper.  The  main  results 
are  summarized,  as  follows: 

(1)  Even  though  tested  at  the  same 
temperature  298  K,  the  tensile  strength  for 
the  SCFR-PI  specimens  kept  in  high  vacuum 
condition  is  higher  than  that  in  the 
atmospheric  condition.  Furthermore,  the 
SCFR-PI  has  higher  equivalent  Young's 


modulus  than  that  in  the  atmospheric 
condition.  The  rule  of  advantage  can  not  be 
used  to  evaluate  the  strength  and  Young’s 
modulus  of  SCFR-PI  composites  in  high 
vacuum  condition. 

(2)  The  strengthening  of  the  SCFR-PI 
composites  is  attributed  to  the  nonexistence 
of  air  around  the  specimens.  In  high  vacuum 
condition,  the  matrix  resin  is  shrank  owing  to 
the  degas  and/or  moisture  desorption  from 
the  matrix  and  from  the  interface  between  the 
matrix  and  fibers,  and  thus  the  residual 
stresses  yield  in  the  organic  composites.  The 
interfacial  bonding  strength  between  carbon 
fibers  and  the  resin  matrix  becomes  much 
better  in  high  vacuum  condition.  The 
methods  of  characterizing  them  must  be 
described  for  evaluation  of  SCFR-PI 
composites  in  space  environment. 
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Abstract 

The  Nippon  Graphite  Fiber  Corporation 
(NGF)  has  developed  a  new  continuous 
amorphous  pitch-based  carbon  fiber  (XN-05) 
with  a  low  modulus  of  50  GPa.  The  newly 
developed  XN-05  has  several  unique 
characteristics  with  regard  to  its  thermal 
properties  and  impact  properties.  The  first  is  that 
XN-05  has  low  thermal  conductivity  (TC)  and  a 
positive  coefficient  of  thermal  expansion 
(CTE).  Hybrid  CFRP  that  has  a  zero-CTE  and  a 
high  modulus  of  175  GPa  was  developed  with 
XN-05  and  high  modulus  pitch  fiber  (YS-90A). 
The  second  is  that  the  thermal  properties  of 
XN-05  barely  change  even  after  high 
temperature  treatment,  unlike  mesophase 
pitch-based  carbon  fibers  (CF).  The  graphitic 
structures  of  XN-05  do  not  grow  in  temperature 
as  high  as  about  3000°C.  Therefore,  the  low  TC 
and  the  positive  CTE  can  be  maintained  during 
processing  of  high  temperature  materials  (C/C 
composites  etc).  It  was  concluded  that  the 
developed  fiber  XN-05  is  quite  suitable  as 
reinforcement  for  controlling  the  thermal 


properties  of  CFRP  and  high  temperature 
materials. 

Key  Words:  Positive  CTE,  Low  TC 

1.  Introduction 

It  is  known  that  the  amorphous  CF  (XN-05), 
which  has  a  low  modulus  of  50  GPa  and  a  high 
compressive  fracture  strain,  contributes  to  the 
improvement  of  the  impact  properties  of  CFRP 
[1].  XN-05  also  has  unique  thermal  properties, 
including  low  thermal  conductivity  (TC)  and  a 
positive  coefficient  of  thermal  expansion 
(CTE).  The  thermal  properties  of  XN-05  can 
be  maintained  even  after  treatments  at  high 
temperature.  In  this  paper,  research  applying 
the  thermal  properties  of  XN-05  is  reported  for 
CFRP  and  high  temperature  materials 
including  C/C  composites. 

2.  Experimental  Procedures 

2.1  CTE  of  hybrid  CFRP  with  XN-05  and 
High  modulus  CF  (YS-90A) 

2.1.1  Material 
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The  characteristics  of  the  amorphous  CF 
(XN-05)  and  pitch-based  high  modulus  CF 
(YS-90A)  are  shown  in  Table  1  (source:  NGF 
catalog). 

Table  1  Characteristics  of  XN-05  and  YS-90A 


XN-05 

YS-90A 

Tensile  strength 

MPa 

1100 

3550 

Tensile  modulus 

GPa 

54 

880 

Elongation 

% 

2.0 

0.3 

Density 

Mg/nvv 

1.65 

2.18 

CTE 

io6/kT 

4.6 

-1.5 

TC 

W/mK 

4.7 

500 

Note  1)  CTE:  Coefficient  of  thermal  expansion 
Note  2)  TC:  Thermal  Conductivity 


The  characteristics  of  prepreg  made  with 
XN-05  and  YS-90A  are  shown  in  Table  2.  The 
lay  up  of  the  hybrid  CFRP  are  shown  in 
Table-3.  SF-YS90A-75  is  a  thin  fabric  with 
YS-90A. 


Table  2  Characteristics  of  prepreg 


Prepreg  (PP) 

AFW 

g/m2 

RC 

wt% 

MPT 

mm 

SF-YS90A-75 

(Fabric-PP) 

71.6 

42 

0.076 

XN-05  PP 

101 

37 

0.12 

Table  3  Lay  up  of  hybrid  CFRP 


Prepreg 

Lay  up 

(0,90):  Fabric 
SF-YS90A-75 

±45  :  XN-05 
Unidirectional 

C(0,90)4/45/(0, 90)2/-45/(0,90)2]s 
Ratio  of  XN-05:  23.6  vol  % 

((0,90)4/45/(0,90)4/-45/(0,90)4)s 
Ratio  of  XN-05:  17.0  vol  % 

(0,90)  only,  YS-90A:  100  vol  % 

2.1.2  Measurement  and  calculation  of  CTE 
The  CTE  of  the  hybrid  CFRP  was  measured 
with  a  laser  interferometry  type  thermal 
expansion  meter  (Lix-1,  Shinku-Riko,  Inc.). 
The  CTE  of  the  hybrid  CFRP  was  estimated  by 
changing  the  ratio  of  XN-05  to  YS-90A  based 
on  the  Tsai-Wu  law.  The  calculated  CTE  was 
compared  with  the  measured  CTE  of  the 
hybrid  CFRP.  The  modulus  of  the  hybrid 
CFRP  was  also  calculated,  and  the  calculated 
modulus  was  compared  with  that  of  a 
quasi-isotropic  CFRP  made  with  high  modulus 
carbon  fibers. 


2.2  Thermal  properties  of  XN-05  after  high 
temperature  treatment 
2.2.1  Material 

XN-05  as  received  (NGF  product)  and  XN-05 
after  high  temperature  treatment  (HTT)  at 
2965°C  were  used  to  measure  the  CTE  along 
the  fiber  axis  and  the  TC  at  room  temperature. 
Next,  C/C  preforms  and  C/C  composites  were 
prepared  with  XN-05  or  mesophase 
pitch-based  CF  (Meso-CF).  Table  4  shows  the 
specifications  of  the  C/C  preforms  and  C/C 
composites. 

Table  4  Specifications  of  C/C  preforms  and 


C/C  composites. 


Specimens 

Heat  history 

Vf 

% 

Density 

Mg/m3 

Preform 
with  XN-05 

1000°C 

carbonization 

60 

1.47 

Preform 
with  Meso-CF 

1000°C 

carbonization 

60 

1.50 

C/C 

with  XN-05 

2000°C  X  30min. 
(Holding  time) 

61 

1.71 

C/C  with 
Meso-CF 

2000°C  X  30min. 
(Holding  time) 

61 

1.85 

Note  1)  Matrix:  phenolic  precursor 

Note  2)  Stacking  sequence:  unidirectional  laminates 

Note  3)  Meso-CF:  mesophase  pitch-based  CF 


2.2.2  Measurement  of  dimensional  change  and 
thermal  expansion  of  CfC  materials  at 
elevated  temperatures 

The  dimensional  change  and  thermal 
expansion  behavior  of  C/C  preforms  and  C/C 
composites  along  the  fiber  axis  were  evaluated 
in  an  inert  atmosphere  up  to  2000°C  with  a 
laser  displacement  sensor.  The  dimensional 
change  of  the  C/C  preform  with  XN-05  was 
compared  with  that  of  a  C/C  preform  with 
Meso-CF.  Next,  the  thermal  expansion  behavior 
of  C/C  was  investigated. 

3.  Results  and  Discussion 

3.1  CTE  of  hybrid  CFRP  with  XN-05  and 
YS-90A 

Fig.  1  shows  the  CTE  of  the  hybrid  CFRP 
made  with  XN-05  and  YS-90A.  The  measured 
CTE  of  the  hybrid  CFRP  increased  from  a 


528 


*4.01-  x  310 


negative  value  to  a  positive  value  as  the  ratio  of 
XN-05  increased.  The  SF-YS90A-75  fabric 
layer  in  the  hybrid  CFRP  shows  a 
negative-CTE,  while  the  XN-05  layer  showed 
a  positive  CTE.  The  CTE  of  the  hybrid  CFRP 
was  determined  by  the  combination  of  the  CTE 
of  both  layers.  From  the  measured  data,  it  was 
found  out  that  the  hybrid  CFRP  showed  a 
zero-CTE  with  an  XN-05  ratio  of  about  20  % 
to  YS-90A.  The  ratio  of  XN-05  with  a 
zero-CTE  corresponded  to  that  estimated  from 
the  calculation.  In  the  ratio  of  XN-05  with  a 
zero-CTE,  the  estimated  modulus  of  the  hybrid 
CFRP  from  calculation  was  175  GPa,  which 
was  much  higher  than  that  of  the  conventional 
quasi-isotropic  laminates  with  zero-CTE 
(CFRP  with  XN-50  that  has  modulus  of  520 
GPa).  The  hybrid  CFRP  with  XN-05  and 
YS-90A  was  concluded  to  have  a  zero-CTE  as 
well  as  a  high  modulus. 


Fig.  1  CTE  of  hybrid  CFRP  with  XN-05 
and  YS-90A 

3.2  Thermal  properties  of  XN-05  after  high 
temperature  treatment  (HTT) 

Fig.2  and  Fig.  3  show  the  CTE  and  TC 
(Thermal  conductivity)  of  XN-05  before  and 
after  HTT,  including  high  modulus  PAN-CF 
and  mesophase  pitch  CF.  The  CTE  of  XN-05 
showed  a  positive  value.  The  TC  of  XN-05  had 
a  small  value  compared  with  the  conventional 
PAN-CF  and  mesophase  pitch  CF. 

Moreover,  the  change  in  the  CTE  and  TC  of 
XN-05  after  HTT  was  very  small.  In  other 


words,  these  unique  properties  of  XN-05  can 
be  maintained  after  a  heat  history  up  to  about 
3000  °C.  The  reason  for  this  result  is  that 
XN-05  does  not  generate  the  preferred 
orientation  of  graphitic  structure  along  the 
fiber  axis  with  HTT. 


Modulus  of  carbon  fiber  GPa 


Fig.  2  CTE  of  XN-05  as  received  and  XN-05 
after  HTT 


0  200  400  600  800  1000 


Modulus  of  carbon  fiber  GPa 

Fig.  3  TC  of  XN-05  as  received  and  XN-05 
after  HTT 

3.3  Thermal  properties  of  C/C  materials  at 
elevated  temperatures 

The  dimensional  changes  of  C/C  preforms 
made  with  XN-05  or  mesosphere  pitch  CF 
from  room  temperature  to  2000°C  are  shown  in 
Fig.  4.  The  heat  history  of  the  C/C  preforms 
was  up  to  1000  °C  .  Therefore,  the 
microstructure  of  the  C/C  preforms  can  change 
during  HTT.  The  dimensional  changes  include 
the  thermal  expansion  and  the  growth  of  the 
crystal  structures  in  the  preforms. 
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The  dimensional  change  of  the  C/C  preform 
made  with  mesophase  pitch  CF  was  much 
larger  than  that  of  C/C  made  with  XN-05. 
Moreover,  the  dimensional  change  of  the  C/C 
preform  made  with  XN-05  showed  a 
correspondence  between  the  heating  procedure 
and  cooling  procedure.  In  contrast,  the 
dimensional  change  of  the  C/C  preform  with 
mesophase  pitch  CF  had  a  large  value  in 
heating  and  a  very  small  value  in  cooling.  It  is 
thought  that  the  crystal  growth  of  CF  along  the 
fiber  axis  dominates  the  dimensional  change  of 
the  material.  XN-05  does  not  show  the  crystal 
growth  compared  with  the  mesophase  pitch 
fiber.  The  mesophase  pitch  fiber  generally 
progresses  in  the  degree  of  preferred 
orientation  of  the  graphitic  layers  along  the 
fiber  axis  with  HTT.  This  difference  in  the 
crystal  growth  causes  the  difference  in 
dimensional  changes. 


Fig.  4  Dimensional  change  of  C/C  preforms  in 
HTT 


The  thermal  expansion  properties  of  C/C 
with  XN-05  and  C/C  with  mesophase  pitch  CF 
at  elevated  temperatures  are  shown  in  Fig.  5. 
The  C/C  was  made  with  HTT  of  2000°C.  In 
this  case,  the  dimensional  change  should  be 
thermal  expansion  of  the  material  only.  The 
thermal  expansion  of  C/C  with  XN-05  was 
much  larger  than  that  of  the  C/C  with  the 
mesophase  pitch  CF.  It  is  thought  that  the  CTE 
of  XN-05  and  the  mesophase  pitch  CF  as 
reinforcements  influences  the  CTE  of  the  C/C. 


It  is  known  that  the  thermal  expansion  of  the 
C/C  is  very  small,  which  is  an  advantage  for 
thermal  shock.  The  small  expansion  behavior 
of  the  C/C  is  a  disadvantage  for  connecting 
with  materials  that  have  large  thermal 
expansion.  In  this  case,  the  large  CTE  of  the 
C/C  made  with  XN-05  was  thought  to  be  a 
unique  property.  It  is  expected  that  the 
combination  of  XN-05  and  the  conventional 
pitch  CF  can  relieve  the  mismatch  in  the  CTE 
between  the  C/C  and  the  other  materials 
including  metal. 


Temperature  °C 


Fig.  5  Thermal  expansion  of  XN-05  of  C/C 
materials  at  elevated  temperatures 

4.  Conclusions 

The  developed  fiber  XN-05  with  a  low 
modulus  of  50  GPa  has  low  thermal 
conductivity  (TC)  and  a  positive  coefficient  of 
thermal  expansion  (CTE).  The  low  TC  and  the 
positive  CTE  can  be  maintained  after  HTT  up  to 
3000°C.  Hybrid  CFRP  that  has  a  zero-CTE  and 
a  high  modulus  (175  GPa)  was  developed  with 
XN-05  and  high  modulus  pitch  fiber  (YS-90A). 
C/C  materials  with  XN-05  showed  little 
dimensional  change  at  elevated  temperatures. 
As  a  result,  it  was  concluded  that  the  XN-05  was 
quite  suitable  as  reinforcement  to  control  the 
thermal  properties  of  CFRP  and  high 
temperature  materials. 
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Abstract 

Impact  tests  of  filament-wound 
carbon  fiber  composites  pipes  were  carried 
out  using  a  drop-weight  impact  test  device 
developed  by  the  authors.  Burst  pressure  of 
composite  pipes  was  also  measured  in  order 
to  investigate  the  burst  strength  degradation 
due  to  impact  damage.  Depth  of  fiber 
breakage  region  caused  by  impact  test  was 
evaluated  after  burst  strength  test.  The  burst 
strength  of  FW-FRP  composite  pipes  after 
impact  was  demonstrated  to  decrease  as  the 
increase  in  cross  sectional  ratio  of  damage 
area.  Low-modulus  carbon  fibers  were 
wound  on  the  surface  of  the  pipes  in  order  to 
reduce  the  impact  damage.  Consequently,  it 
reduced  the  impact  damage  and  enhanced  the 
residual  burst  strength. 

Key  Words:  FW-FRP  Composite  Pipe, 
Impact  Test,  Burst  Strength,  Low-Modulus 
Carbon  Fiber 

Introduction 

Filament  winding  technology  are 
extensively  used  in  commercial  manufacture 
of  FRP  pressure  vessels  such  as  air  cylinders 
for  self-contained  breathing  apparatus, 


oxygen  cylinders  for  medical  uses,  fuel  gas 
cylinders  and  so  on.  In  case  of  daily  use  of 
FW-FRP  vessels,  there  are  possibilities  of 
impact  loading  such  as  dropping  and/or 
knocking  vessels.  In  this  point  of  view,  it  is 
very  important  to  clarify  the  strength 
degradation  mechanism  after  impact  and  to 
improve  the  impact  resistance. 

There  were  some  investigations  for 
burst  strength  degradation  after  impact  [1-4]. 
Most  studies  dealt  with  surface  fiber  break 
length,  though  fiber  break  depth  is  also 
influential  on  the  burst  strength. 

In  the  present  study,  we  conducted 
internal  pressure  test  on  FW-CFRP 
composite  pipes  after  impact  test.  Impact 
damages,  which  consist  of  fiber  break  length 
and  depth,  were  evaluated  as  functions  of 
absorption  energy.  To  improve  the  impact 
resistance,  low  modulus  amorphous  carbon 
fiber,  which  has  high  compressive  strain, 
were  applied  to  the  surface  of  composites 
pipes.  The  effectiveness  of  the  hybridization 
was  confirmed. 

Experiments 

Specimen  configuration  is  shown  in 
Figure  1.  Specimens  consist  of  aluminum 
alloy  (A6063-T6)  liner  and  CFRP  layer. 
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Carbon  fiber  used  was  T700S-24K  supplied 
by  Tray  Inc.  Matrix  was  Epoxy  resin. 
Composite  pipes  were  fabricated  using 
filament  winder.  To  improve  the  impact 
resistance,  low  modulus  amorphous  carbon 
fiber  XN05-30S,  supplied  by  Nihon  Graphite 
fiber  Inc.,  was  wound  on  the  surface  of  the 
composite  pipes.  XN05  has  high 
compressive  strain  and  it  was  reported  that 
hybrid  composite  using  XN05  has  high 
impact  resistance  properties  [5].  Five 
T700S-24K  layers  were  wound  on  the  liner 
and  two  additional  XN05-30S  layers  were 
wound  on  some  specimens.  In  the  present 
study,  specimens  without/with  low  modulus 
fiber  are  defined  as  specimen  A  and  B, 
respectively.  Specimen  B  was  expected  to 
have  higher  impact  resistance. 

Impact  tests  apparatus  were  shown  in 
figure  2.  Mass  of  the  impactor  is  7kg  and 
initial  impactor  height  is  0.45m,  which 
means  potential  energy  of  the  impactor  is  30 
J.  Impactor  radius,  R  was  selected  as  3,  10 
and  20  mm  for  specimen  A,  and  3  and  10  mm 
for  specimen  B.  Absorption  energy  was 
calculated  from  the  initial  impactor  height 
and  rebound  height  measured  by  video 
camera.  Some  of  the  specimens  after  impact 
tests  were  sectioned  and  observed  by  optical 
microscopy. 

Internal  pressure  tests  were 
conducted  using  the  apparatus  shown  in 
Figure  3.  In  the  present  study,  strength  of 
hoop  direction  is  most  concerned  and  axial 
strength  is  very  weak,  so  deformation  in  the 
axial  direction  was  constrained  by  the  shaft 
centered  in  the  pipes.  Surface  of  the 
specimen  was  observed  by  video  camera 
during  the  internal  pressure  test. 


Figure  1  Schematic  of  the  specimen. 


Figure  2  Schematic  of  the  impact  test 
apparatus. 


Figure  3  Internal  pressure  test  apparatus. 


Experimental  Results  and  Discussions 
Impact  tests 

Figure  4  shows  the  schematic  of  surface 
damage  after  impact  tests.  In  all  conditions, 
indentation  and  splitting  were  observed. 
Damage  areas  were  larger  in  the  case  of 
impactor  radius,  R,  =10  mm.  Fiber  breakage 
were  observed  only  in  the  specimen  A  with  R 
=  10.  In  the  case  of  R  =  20  for  specimen  A,  no 
damages  were  observed. 

Figure  5  shows  the  result  of 
cross-sectional  damage  observation.  Figure  5 
indicates  that  fiber  breakage  is  caused  by 
micro-buckling.  Delamination  and  plastic 
deformation  of  the  linar  were  also  observed. 
There  were  fiber  breakages  below  the 
indentation  regions  of  specimen  A,  however, 
no  fiber  breakages  were  observed  in 
specimen  B. 

Figure  6  shows  the  absorbed  energy 
at  impact  tests.  Absorbed  energy  decreased 
as  the  impactor  radius  became  larger.  There 
are  no  differences  in  the  absorbed  energy 
between  specimen  A  and  B  at  the  same 
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irapactor  radius,  though  different  damage 
states  were  observed.  It  is  considered  that  the 
most  of  impact  energies  were  utilized  for 
plastic  deformation  of  liners. 

Internal  pressure  tests 
Figure  7  shows  damage  progress  under 
internal  pressure  tests.  Splitting  progress 
were  observed  for  specimen  A,  R  =  3  and  10 
mm,  prior  to  burst.  On  the  other  hand,  no 
microscopic  damages  were  observed  for 
specimen  A,  R  =  20  and  specimen  B,  R=  3 
and  10  mm.  These  specimens  burst  in  a 
catastrophic  manner. 

Figure  8  shows  burst  strength  after 
impact  tests  comparing  to  the  strength  of 
virgin  specimen.  Residual  strength  became 
larger  as  the  impactor  radius,  R,  became 
larger.  To  evaluate  the  effect  of  low  modulus 
amorphous  carbon  fiber  on  the  impact 
resistant  properties,  residual  strength  ratio, 
which  is  defined  as  strength  after  impact 
normalized  by  strength  of  virgin  specimen, 
are  shown  in  figure  9.  Residual  strength 
ratios  of  specimen  B  were  larger  than 
specimen  A.  This  indicates  the  high  impact 
resistant  by  applying  the  XN-05  fibers. 

To  clear  the  effect  of  damage  scale  on 
the  residual  strength,  fiber  breakage  area 
were  calculated  for  specimen  A.  Fiber 
breakage  area  is  defined  as  the  length  of  fiber 
break  length  measured  by  surface 
observation  multiplied  by  fiber  breakage 
depth.  Fiber  breakage  depth  was  measured 
after  internal  pressure  tests.  Impact  damage 
region  was  very  different  from  burst  damage 
region,  so  fiber  breakage  depth  can  be 
measured  easily.  Figure  10  shows  the  relation 
between  strength  ratio  and  cross  sectional 
area  of  fiber  breakage.  Strength  ratio  linearly 
decreased  as  cross  sectional  area  of  fiber 
breakage  increased.  That  is,  it  is  clarified  that 
not  only  fiber  break  length  but  also  fiber 
breakage  depth  should  be  considered  to 
estimate  the  residual  strength  after  impact. 


Specimen  A  Specimen  B 

A6063-T6  +T700S[05]  A6063-T6  +T700S  [0S] 

+XN-05  [0J 

Figure  4  Schematic  of  impact  damage. 


(b)  Enlargement  of  X. 

Figure  5  Impact  damage  (Specimen  A,  R 
3mm). 
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Figure  10  Strength  ratio  of  specimen  A  as  a 
function  of  cross  sectional  area  of  fiber 
breakage. 


Figure  6  Impact  absorbed  Energy. 


B  B-R3  BRIO  B-R20  C  C-R3  C-R10 
Specimen 


Figure  8  Burst  pressure. 


Conclusion 

Internal  pressure  test  of  FW-CFRP 
composite  pipes  after  impact  test  were 
carried  out. 

1.  Impact  absorbed  energy  become  larger  as 
the  radius  of  the  impactor  become  smaller. 

2.  There  arc  no  effects  of  low  modulus 
amorphous  carbon  fiber  on  the  absorbed 
energy. 

3.  Residual  burst  strength  ratio  become  larger 
by  applying  low  modulus  amorphous  carbon 
fiber  on  the  surface  of  the  pipes. 
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Specimen 

Figure  9  Residual  strength  ratio. 
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Abstract 

The  compression  side  of  a 
polyacrylonitrile  (PAN)-based  carbon  fiber 
laminate,  TORAYCA  T700S,  was  reinforced 
with  a  thin  layer  of  low  modulus  carbon  fiber, 
GRANOC  XN-05  in  order  to  avoid  the 
compression-dominated  flexural  failure  of 
the  T700S  laminate.  A  three-point  bend, 
impact  test  showed  that  the  impact  resistance 
of  the  hybrid  laminate  was  considerably 
higher  than  that  of  the  T700S  monolithic 
laminate  since  a  higher  compressive  failure 
strain  of  the  XN-05  layer  suppressed  the 
compressive  failure  of  T700S  at  the  point  of 
impact.  A  finite  element  (FE)  analysis 
suggests  that  the  compressive  failure 
strength  of  the  T700S  layer  in  the  hybrid 
laminate  was  elevated  since  the  XN-05  layer 
suppressed  the  microbuckling  failure  on  the 
compression  side  of  T700S. 

Keywords:  Impact  resistance,  Hybrid 
laminate 

Introduction 

Flexural  failure  in  PAN-based  carbon 


fiber/epoxy  unidirectional  laminates  tends  to 
initiate  on  the  compression  side  under  three- 
point  bend  loading  since  the  compressive 
failure  strain  is  lower  than  that  in  tension  [1]. 
A  low  modulus  carbon  fiber/epoxy  laminate, 
XN-05/25P,  has  considerably  higher 
compressive  failure  strain  than  that  of  the 
high  strength  PAN-based  carbon  fiber/epoxy, 
T700S/#2500.  A  thin  layer  of  XN-05  was 
placed  on  the  one-side  of  the  T700S  laminate 
to  form  an  interply  hybrid  laminate.  Impact 
load  was  applied  on  the  XN-05  layer  side  in 
a  three-point  bending  mode. 

A  damage  mechanics  based  FE  analysis 
was  also  performed  with  the  ABAQUS  finite 
element  package  in  order  to  delineate  the 
mechanisms  for  improving  the  impact 
resistance  of  the  hybrid  laminates  [2],  The 
compressive  strength  obtained  from  a 
compressive  testing  of  the  Celanese  method 
was  initially  used.  Then  the  compressive 
strength  of  T700S  in  the  hybrid  laminate  was 
elevated  to  reflect  the  restraining  effect  of 
the  XN-05  layer.  Finally,  the  increase  in 
the  compressive  strength  of  T700S  was 
demonstrated  by  correlating  the  experimental 
and  FE  results. 
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Drop  weight  impact  testing 
Materials 

All  impact  specimens  were  produced 
from  prepregs.  The  low  modulus  carbon 
fiber/epoxy  prepreg  used  as  a  thin  outer 
reinforcing  layer  was  GRANOC  XN-05/25P 
manufactured  by  Nippon  Graphite  Fiber 
Corporation.  The  PAN-based  carbon 
fiber/epoxy  prepreg  used  in  this  study  was 
TORAYCA  T700S/#2500  manufactured  by 
Toray  Industries,  Inc.  Table  1  shows  the 
properties  of  carbon  fibers,  prepregs,  and 
unidirectional  laminates.  The  compressive 
properties  of  unidirectional  laminates  were 
measured  in  accordance  with  the  ASTM  D 
3410-87  standard  test  method  [3].  The 
compressive  failure  strain  of  2.9  %  of  the 
XN-05  laminate  is  higher  than  the  1.4  %  of 
the  T700S  laminate. 

Two  types  of  unidirectional  interply 
hybrid  laminates  were  fabricated  by  varying 
the  XN-05  to  T700S  ratio  as  shown  in  Table 
2.  Two  monolithic  laminates  were  also 


fabricated  and  impact  tested.  For  the 
hybrid  laminate,  the  thin  outer  reinforcing 
layer  of  XN-05  was  placed  on  the 
compressive  side  of  T700S.  All  laminates 
were  cured  at  a  temperature  of  130  °C  with  a 
nominal  thickness  of  2  mm.  The 
longitudinal  impact  specimens  with  nominal 
dimensions  of  10  mm  wide  and  80  mm  long 
were  cut  out  from  the  unidirectional 
laminates. 

Impact  tester 

A  low  velocity  impact  testing  was 
performed  with  an  instrumented  drop  weight 
impact  tester.  The  impact  load  was  applied 
on  the  XN-05  layer  side  for  the  hybrid 
laminates  at  a  support  span  of  60  mm.  The 
impact  hammer  with  a  3  mm-radius  loading 
tip  weighted  20.7  N.  The  supports  had  6 
mm-radius  points.  The  impact  hammer  was 
dropped  from  a  height  of  300  mm  to  600  mm 
with  impact  velocities  of  2.3  m/sec  to  3.2 
m/sec,  respectively. 


Table  1  Carbon  fiber,  unidirectional  laminate  and  prepreg  properties 


XN-05 

T700S 

Tensile  strength 

MPa 

1180 

4900 

Fiber 

Tensile  i 

modulus 

GPa 

55 

230 

Properties 

Elongation 

% 

2.0 

2.1 

Density 

g/cm3 

1.65 

1.80 

Fiber  weight 

g/m2 

100 

125 

Prepreg 

Resin  content 

wt  % 

37 

33 

Specifications 

Thickness 

mm 

0.109 

0.119 

Resin 

25  P 

#2500 

0°  Tensile  strength 

MPa 

650 

2650 

Tensile  modulus 

GPa 

34 

127 

Unidirectional 

Elongation 

% 

1.8 

1.8 

laminate 

0°  Compressive  strength  MPa 

880 

1470 

properties 

Compressive  modulus  GPa 

32 

120 

Failure  strain 

% 

2.9 

1.4 

Table  2  Impact  test  specimen  specifications 

Interply 

hybrid 

Monolithic 

Type  1 

Type  2 

AU-XN05 

AU-T700S 

Reinforcing  layer 

XN-05 

XN-05 

on  compression  side 

lpiy 

3  ply 

T700S 

T700S 

XN-05 

T700S 

Primary  material 

16  ply 

14  ply 

19  ply 

17  ply 
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Experimental  results 

Typical  impact  load-deflection  relations 
and  the  absorbed  impact  energy  are  shown  in 
Figs.  1  and  2,  respectively.  The  absorbed 
impact  energy  was  partitioned  into  initiating 
failure  energy  and  propagating  failure 
energy. 

The  impact  properties  of  the  hybrid 
laminates  were  higher  than  those  of  the 
monolithic  laminates  due  to  the  reinforcing 
effect  by  the  XN-05  layer.  Type  2  laminate 
yielded  the  highest  impact  load  and  absorbed 
impact  energy  followed  by  those  of  Type  1 
laminate.  The  3-ply  XN-05  layer  in  Type  2 
laminate  suppressed  compressive  failure  at 
the  top  of  the  T700S  layer  better  than  the  1- 
ply  XN-05  layer  in  Type  1  laminate.  For 
monolithic  laminates,  the  all-XN05  laminate 
had  a  lower  impact  load  than  the  a!l-T700S 
laminate  but  the  absorbed  impact  energy  was 
higher  than  that  of  the  all-T700S  laminate 
due  to  higher  failure  deflection. 

The  ratio  of  tensile/compressive  failure 
region  on  the  failed  surface  was  evaluated 
from  micrographs.  The  all-T700S  laminate 
showed  that  the  compressive  failure  region 
accounted  for  82  %  of  the  total  failed  surface 
and  the  flexural  failure  was  thus  governed  by 
compressive  properties.  Although  the  all- 
XN05  did  not  break  completely,  it  did  not 
fail  in  compression.  The  tensile  failure 
region  of  Types  1  and  2  hybrid  laminates 


Fig.  1  Impact  load-deflection  responses 


increased  to  31  %  and  44  %,  respectively, 
compared  to  18  %  of  the  all-T700S  laminate. 

Finite  element  analysis 

Simulating  longitudinal  failure 

A  half  segment  of  the  impact  specimen 
was  modeled.  The  left  side  edge  of  the  FE 
model,  which  corresponds  to  the  mid-span  of 
specimen,  was  fixed  in  x  direction  and  a 
symmetry  boundary  condition  was  imposed 
on  the  cross  section.  The  right  side  edge 
was  fixed  in  y  direction.  The  finite 
elements  were  assumed  to  fail  longitudinally. 
The  longitudinal  (0°)  tensile/compressive 
failure  strengths,  shown  in  Table  1,  were 
prescribed  for  both  T700S  and  XN-05  layers. 
When  the  longitudinal  tensile/compressive 
stresses  exceeded  the  prescribed  failure 
strength  at  the  Gaussian  integration  point  of 
the  finite  element,  the  modulus  of  elasticity, 
En,  the  shear  modulus,  G12  and  G13,  were 
reduced  near  to  zero.  A  displacement  based 
FE  analysis  was  performed  by  applying  a  y- 
direction  displacement  at  the  mid-span  and 
the  reaction  force  at  the  support  was 
calculated. 

Analytical  results 

The  FE  model  of  the  all-T700S  and  the 
a!l-XN05  laminates  reproduced  the  impact 
load-deflection  relations  well  and  showed 
that  the  failure  strengths  obtained  from  the 


AII-T700S  Type  1  Type  2  AII-XN05 

□zn  i - 1  i - 1  m 

Fig.  2  Absorbed  Impact  energy 
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ASTM  test  method  are  appropriate  for  the 
FE  analysis  of  the  monolithic  laminates. 

For  hybrid  laminates,  the  compressive 
strength,  1470  MPa  of  T700S,  which  was 
obtained  by  compressive  test  of  the  Celanese 
method,  was  also  prescribed  initially.  As 
shown  in  Fig.  3,  the  FE  results  for  Type  2 
laminate,  identified  as  the  FE  model  #1, 
were  considerably  lower  than  the  test  data 
since  the  FE  model  predicted  the  premature 
compressive  failure  at  the  top  of  the  T700S 
layer.  The  longitudinal  stress  distribution 
though  the  thickness  shows  the  increase  in 
the  compressive  failure  strength  of  the 
T700S  layer.  Fig.  4  shows  the  longitudinal 
stress  distribution  through  the  thickness  of 
Type  2  laminate  at  a  deflection  of  10  mm, 
which  corresponds  to  the  failure  deflection  in 
the  impact  test.  The  FE  analysis  suggested 
that  the  longitudinal  compressive  stress  at 
the  top  of  the  T700S  layer  was  2404  MPa, 
which  was  higher  than  the  compressive 
strength,  1470  MPa,  of  T700S.  When  the 
compressive  failure  strength  of  T700S  in  the 
FE  model  of  the  hybrid  laminates  was 
elevated  to  2355  MPa,  the  FE  result, 
identified  as  the  FE  model  #2,  reasonably 
reproduced  the  impact  load-deflection 
responses  as  shown  in  Fig.  3.  Similarly, 
when  the  compressive  strength,  1960  MPa  of 
T700S,  was  prescribed  for  Type  1  laminate, 
the  FE  results  was  consistent  with  the 


1200 


6  8  10 
Deflection  mm 


Fig.  3  FE  results  for  Type  2  laminate 


experimental  data. 

Conclusions 

The  higher  compressive  failure  strain  of 
the  XN-05  layer  suppressed  the 

microbuckling  failure  of  the  T700S  layer  in 
the  hybrid  laminate.  This  resulted  in  an 
increase  in  the  compressive  failure  strength 
of  T700S  and  an  improved  flexural  impact 
resistance  of  the  hybrid  laminates. 
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Abstract 

SMC  roll  forming  has  some 

advantages  compared  with  other  molding 
method,  which  are  a  lower  forming  energy,  a 
short  production  time,  a  controllability  in 
fiber  orientation,  a  possibility  for  long-sized 
products  and  so  on.  SMC  roll  forming 

consists  of  two  processes,  the  forming 

process  and  the  curing  process.  Until  now, 
we  have  spent  much  time  for  investigating 
the  forming  process.  However,  the  curing 
process  is  an  important  factor  that 

characterizes  SMC  roll  forming. 

In  this  paper,  we  investigated  the  effects  of 
curing  condition  on  the  stiffness  and  the 
dimensional  accuracy  in  the  curing  process. 
First,  we  tried  to  clarify  the  relationship 
between  time  and  temperature  in  the 


specimen  as  characteristics  in  curing  process. 
And  we  predicted  curing  times  for  various 
heating  temperature.  Next,  we  examined  the 
dimensional  accuracy  and  stiffness  of  the 
products  cured  in  various  conditions 
considering  cure  characteristics.  Finally,  we 
confirmed  superiority  of  curing  condition 
sets  in  order  to  improve  the  stiffness  and  the 
dimensional  accuracy. 

Key  Words  :  SMC  Roll  Forming,  Curing 
Process,  Curing  Time,  Heating  Temperature 

Introduction 

We  have  attempted  to  apply  roll 
forming,  which  is  known  as  a  metal  rolling 
[1-3],  to  SMC.  SMC  roll  forming  has  some 
advantages  compared  with  other  molding 
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method,  which  are  a  lower  forming  energy,  a 
short  production  time,  a  controllability  in 
fiber  orientation  and  a  possibility  for 
long-sized  products  and  so  on.  SMC  roll 
forming  is  consists  of  two  processes,  the 
forming  process  in  which  the  material 
deforms  to  the  target  shape  and  the  curing 
process  in  which  the  material  cures.  Until 
now,  setting  of  the  forming  condition  and 
deformation  characteristics  has  been 
established  in  the  forming  process.  However, 
the  curing  process  is  an  important  factor  that 
characterizes  SMC  roll  forming.  Therefore, 
it  is  desired  that  various  characteristics  in 
the  curing  process  are  found  at  present. 

In  this  study,  we  investigated  the  effects  of 
curing  condition  on  the  stiffness  and  the 
dimensional  accuracy  in  curing  process. 
First,  we  tried  to  clarify  the  relationship 
between  time  and  temperature  in  the 
specimen  as  characteristics  in  curing  process. 
And  we  predicted  curing  times  for  various 
heating  temperature.  Next,  we  examined  the 
dimensional  accuracy  and  stiffness  of  the 
products  cured  in  various  conditions 
considering  the  cure  characteristics.  Finally, 
we  confirmed  superiority  of  curing 
condition  sets  in  order  to  improve  the 
stiffness  and  the  dimensional  accuracy. 

SMC  Roll  Forming 

Materials  and  Forming  Machine 
Contents  of  SMC  in  this  study  are  shown  in 
Table  1. 


Table!  Contents  of  SMC. 


[wt  %] 

Resin  (UP,  TP,  etc.) 

25.0 

Glass  fiber 

30.0 

CaC03 

45.0 

This  SMC  is  cut  out  and  5  sheets  of  SMC 
are  laminated.  Afterwards,  the  preparatory 
molding  is  carried  out  in  order  to  set  the 
initial  thickness  of  the  specimen  to  9  [mm]. 


Forming  Process 

Then,  the  specimen  is  inserted  into  the  arrow 
direction  as  shown  in  Fig.l  and  we  form 
repeatedly  until  the  web  thickness  becomes 
the  target  thickness.  Like  the  above,  the 
product  with  channel  shaped  cross  section  is 
formed  by  continuous  roll  forming.  The 
product  has  the  cross  section  of  75 [mm]  x 
20[mm]  x  5 [mm]  (=  width  x  flange  height  x 
web  thickness)  as  shown  in  Fig.2. 


2nd  Stage  1st  Stage 


Fig.l  Roll  forming  machine. 


<- 

A 

75 

unit :  mm 

Fig.2  Size  of  specimens. 


Curing  Process 

After  the  forming  process,  the  specimen  is 
cured  by  curing  system  as  shown  in  Fig.  3. 


Rubber  rdb 


Fig.3  Curing  system. 


Curing  Characteristics 

It  is  possible  to  know,  by  observing 
the  relationship  between  temperature  and 
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time  of  the  material,  for  characteristics  of 
curing.  Then,  in  this  chapter,  the  relationship 
between  heating  time  and  temperature  in 
specimen  was  investigated,  and  various 
phenomena  were  examined.  And,  curing 
completion  in  this  study  shall  mean 
exothermic  reaction  end  in  the  specimen. 
The  curing  condition  in  this  study  is  shown 
in  Table  2. 

Table  2  Curing  condition. 


Displacement  of  middle 
die 

free 

Oven-1  [°C] 

Oven-2  [°C] 

He-12 

120 

120 

Heating 

He-13 

130 

130 

temperature 

He-14 

140 

140 

condition 

He-15 

150 

150 

He-16 

160 

160 

He-17 

170 

170 

Temperature  History  in  the  Specimen 
In  this  section,  in  order  to  estimate  the 
gelation  time  and  completion  time  of  the 
exothermic  reaction  in  the  specimen,  we 
clarify  the  relationship  between  time  and 
temperature  in  the  specimen. 


Total  time  [sec.} 


Fig.4  Increment  for  temperature  in 
the  specimen  vs.  total  time. 

Fig.4  shows  the  relationship  between  time 
and  increment  for  temperature  in  the 
specimen.  In  this  figure,  A 7}  shows  the 
incremental  value  of  temperature  in  the 
specimen  derived  by  eq.  (1). 


A  ?  = 


Tt-T^ 

At 


(1) 


In  this  figure,  paying  attention  to  the 
discontinuity  of  this  curve,  we  can  guess  the 
3  points  of  total  time  as  follows. 

PI  :  Completion  time  of  first  stage  of  curing 
at  the  curing  oven  1.  (Total  time  =  36 
[sec.]) 

P2  :  Start  time  of  exothermic  reaction  and 
completion  time  of  gelation  in  the 
specimen. 

P3  :  Completion  time  of  exothermic  and 
curing  reaction  in  the  specimen. 

Fig.  5  shows  the  relationship  between 
heating  temperature  condition  and  each 
point  of  total  time.  From  this  figure,  start 
and  completion  time  of  exothermic  reaction 
at  each  heating  temperature  is  found  and  it  is 
able  to  guess  the  completion  time  of  curing. 
And  when  the  heating  temperature  increases, 
the  gelation  time  (P2)  comes  to  be  shorter. 


He-12  He-13  He- 14  He-15  He-16  He-17 


Heating  temperature  condition 

Fig.5  Total  time  vs.  heating 
temperature  condition. 

Dimensional  Accuracy  of  the  Specimen 
The  relationship  between  each  heating 
condition  and  total  strain  of  the  specimen  is 
shown  in  Fig.6.  In  this  figure,  the  total  strain 
to  the  longitudinal  direction  is  almost 
constant  in  every  heating  temperature 
condition.  However,  the  total  strain  to  the 
lateral  direction  increases  as  the  heating 
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temperature  comes  to  higher.  In  the  case  of 
higher  heating  temperature,  the  gelation  time 
comes  to  be  short,  so  the  gelation  occurs  at 
the  same  time  in  the  whole  specimen.  At  this 
time,  the  specimen  compressed  by  the 
middle  die  and  deforms  to  the  longitudinal 
and  lateral  direction  equally.  The  size  of  the 
specimen  in  this  study  to  the  longitudinal 
direction  is  larger  than  to  the  lateral 
direction,  so  the  total  strain  to  the  lateral 
direction  is  larger  compared  to  the 
longitudinal  direction. 

In  the  case  of  lower  heating  temperature,  the 
specimen  keeps  preformed  dimension  before 
and  after  curing  process,  so  lower  heating 
temperature  condition  is  desirable. 


0.03 

O 

to  longitudinal  direction 

0.025 

• 

to  lateral  direction 

w 

0.02 

1 

0.015 

• 

I 

0.01 

0 

8  l  * 

*  o  o 

o 

0.005 

• 

o 


He-12  He- 13  Hc-14  He-15  He-16  He-17 
Heating  temperature  condition 

Fig.6  Total  strain  vs.  heating 
temperature  condition 

Effect  on  Mechanical  Properties 
In  this  study,  in  order  to  estimate  the  effect 
of  curing  condition  on  mechanical  properties, 
tensile  test  of  the  web  part  of  the  specimen 
is  carried  out  and  Young’s  modulus  of  the 
specimen  is  found. 

Fig.7  shows  the  relationship  between 
heating  temperature  condition  and  Young’s 
modulus  of  the  specimen  derived  by  tensile 
test.  In  this  figure,  Young’s  modulus  of  the 
specimen  is  slightly  increases  at  higher 
heating  temperature  condition. 

In  the  case  of  higher  heating  condition,  as 
above  mentioned,  the  gelation  occurs  at  the 
same  time  in  the  whole  specimen,  and  the 
specimen  compressed  by  the  middle  die.  So 
the  density  at  the  web  part  of  the  specimen 


increases  and  Young’s  modulus  of  the 
specimen  increases. 

Therefore,  in  respect  of  Young’s  modulus, 
the  higher  heating  temperature  condition  is 
desirable. 
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—  5900 
%  5800 

w  5700 
3  5600 
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I  5400 
*3 )  5300 

|  5200 

>  5100 

5000 

He-12  He-13  He-14  He-15  He-16  He-17 
Heating  temperature  condition 

Fig.7  Young’s  modulus  vs.  heating 
temperature  condition. 

Conclusion 

We  investigated  the  relationship 
between  time  and  temperature  in  the 
specimen  as  characteristics  in  curing  process 
and  investigated  the  effects  of  curing 
condition  on  the  dimensional  accuracy  and 
the  stiffness  of  the  specimen. 

Following  results  were  obtained. 

(1)  By  measuring  the  increment  for 
temperature  in  the  specimen,  it  is 
possible  to  estimate  the  curing  time. 

(2)  The  products  cure  at  lower  heating 
temperature  keep  preformed  dimension 
before  and  after  curing  process. 

(3)  In  respect  of  Young’s  modulus,  the 
higher  heating  temperature  condition  is 
desirable. 
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Abstract 

The  strength  and  damage  for  notched 
FRP  plates  made  by  injection  molding  (IM 
specimen)  and  that  of  machining  (M 
specimen)  have  been  investigated.  This  is 
accomplished  by  obtaining  experimental  data 
of  the  static  tension  and  fatigue  tests  on  the 
notched  plate  of  short  glass  fiber-reinforced 
polycarbonate.  To  evaluate  the  damage  near 
the  notch  root,  we  measured  the  luminance 
distributions  by  means  of  the  luminance¬ 
measuring  system  with  a  CCD  camera.  On 
the  basis  of  the  idea  of  the  stress 
concentration  and  the  similarity  of  stress 
distribution  near  the  notch  root,  the 
experimental  results  of  IM  specimen  were 
compared  to  that  of  M  specimen. 

Key  Words:  FRP,  notch,  fatigue,  damage 

Introduction 

Because  of  their  importance  in  design 
applications,  the  fracture  and  fatigue  of 
notched  FRP  specimens  have  been  the 
subject  of  much  research.  Such  notch  is 
gained  by  two  methods;  injection  molding  of 
the  notched  FRP  plates  and  machining  by 
cutting  the  FRP  plates. 

The  aims  of  the  present  research  are 
to  investigate  the  effect  of  the  machining  of 


notch  on  the  strength  of  the  short  fiber 
reinforced  plastics.  This  is  accomplished  by 
obtaining  experimental  data  of  the  static 
tension  and  fatigue  tests  on  the  notched  plate 
made  by  injection  molding  (IM  specimen) 
and  that  of  machining  (M  specimen)  of  short 
glass  fiber-reinforced  polycarbonate. 

To  evaluate  the  strength  and  the 
damage  near  the  notch  root,  we  used  a 
fracture  criterion  for  notched  FRP  plates  in 
static  load  [1]  and  a  fatigue  failure  criterion 
for  notched  FRP  plats  [2].  The  validity  of  the 
fracture  criterion  [1,3]  and  the  fatigue  failure 
criterion  [2]  were  confirmed  previously  for 
notched  FRP  plates.  The  criterion  is  based  on 
the  idea  of  stress  concentration  and  the 
similarity  of  stress  distribution  near  the  notch 
root. 

Prior  to  fracture,  the  damaged  zone 
initiates  and  grows  near  the  notch  root  of 
notched  FRP  plates  under  static  and  cyclic 
loading.  To  evaluate  the  damage,  we 
measured  successively  the  luminance 
distributions  by  means  of  the  luminance¬ 
measuring  system  with  a  CCD  camera  [2,  3]. 

Theory 

Studying  stress  distribution  near  the 
notch  root,  Hyakutake  et  al.  [1]  have 
obtained  a  fracture  criterion  for  FRP  plates 
having  intermediate  notch-root  radii  in  static 
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load.  The  severity  near  the  notch  root  is 
determined  by  both  the  maximum  elastic 
stress  am!lx  and  the  notch-  root  radius  p  [1].  It 
is  suggested  that  the  elastoplastic  stress 
distributions  near  the  notch  root  after 
small-scale  yielding  or  damage  are  the  same 
in  all  specimens,  for  which  both  the  omax  and 
p  are  equal  in  all  cases. 

Based  on  the  evidence  mentioned 
above,  the  fracture  criterion  for  a  notched 
plate  under  static  load  is  expressed  as  [1] 

CTmax  ~  &max,c  (P)  (1) 

where  CTmax  is  the  maximum  elastic  stress  at 
fracture  and  is  determined  as  the  product  of 
the  nominal  stress  and  the  geometrical  stress 
concentration  factor.  The  parameter  cw.c  is 
governed  by  the  notch-root  radius  p,  and  it  is 
independent  of  notch  depth  and  notch  angle 
and  so  on. 

Under  the  condition  of  cyclic  loading, 
it  is  considered  that  the  initiation  of  fatigue 
damage  near  the  notch  root  is  determined  by 
both  the  magnitude  of  severity  and  the 
repetition  of  loading.  The  fatigue  failure 
criterion  in  cyclic  loading  is  expressed  as  [2] 

c W(W"  =  C(p)  (2) 

where  Nd  is  the  number  of  loading  cycles  to 
fatigue  damage  initiation.  The  parameter  m 
and  C  are  the  material  constant.  The  details 
of  Nd  will  be  described  later. 

Experimental  Procedure 

The  material  used  was  a  short  glass 
fiber-reinforced  polycarbonate.  The  plate 
contains  30  %  E-glass  fiber  by  weight.  The 
length  of  glass  fiber  is  1  mm  or  less.  Two 
kinds  of  notched  specimen  were  used: 
notched  plates  made  by  injection  molding 
(IM  specimen)  and  that  of  machining  by 
cutting  the  same  FRP  plates  (M  specimen). 
The  notch-  root  radius,  notch  depth  and  width 


of  specimen  are  the  same  in  both  IM 
specimen  and  M  specimen.  The  notch-root 
radius  p  ranged  from  0.2  to  10  mm.  The 
notch  angle  is  90°  for  IM  specimen  and  0° 
for  M  specimen. 

Figure  1  shows  transmitted  light 
photographs  near  the  notch  root.  It  is  evident 
that  the  orientation  of  the  fiber  near  the  notch 
root  for  IM  specimen  is  different  from  that 
for  M  specimen. 

Static  tension  tests  were  performed 
by  using  an  Instron-type  testing  machine  at  a 
constant  cross-head  speed  of  0.5  mm/min. 
Fatigue  tests  of  pulsating  tension  were  made 
on  a  servohydraulic  material  test  system  at 
frequency  2  Hz. 

To  evaluate  the  damage,  we  measured 
the  luminance  distributions  near  the  notch 
root  by  means  of  the  luminance-  measuring 
system  with  a  CCD  camera  [2,3]. 


(a)  IM  specimen 


(b)  M  specimen 

Fig.  1  Transmitted  light  photographs  near 
the  notch  root  (p  =  0.5  mm). 
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Results  and  Discussion 

Figure  2  shows  the  processes  of 
damage  initiation  and  growth  near  the  notch 
root  under  static  tension.  The  patterns  with 
light  and  shade  correspond  to  the  value  of 
luminance  that  was  made  at  four  steps,  75, 70, 
65  and  60%.  The  value  of  relative  luminance 
is  the  ratio  of  the  luminance  at  a  stress  to  the 


luminance  before  testing.  The  damage  is 
accumulated  severely  at  the  region  where  the 
value  of  relative  luminance  is  small.  The 
processes  of  damage  initiation  and  growth  of 
IM  specimen  under  static  tension  were 
similar  to  that  of  M  specimen. 

The  relation  between  the  area  of 
damaged  zone  and  the  maximum  elastic 
stress  omax  is  represented  in  Fig.  3.  It  can  be 


Omax  =  122  MPa  CW  =  143  MPa  <W  =  156  MPa 

(a)  IM  specimen 


omax  =  122  MPa  amax  =  148  MPa  amax  =  156  MPa 

(b)  M  specimen 

Fig.  2  Growth  of  damaged  zone  near  the  notch  root  (p  =  2  mm) 


CTmax  MPa 


Fig.  3  Area  of  damaged  zone  versus  the 
maximum  elastic  stress  amax  under 
static  tension. 


Fig.  4  Maximum  elastic  stress  at  fracture, 
c^max, c  versus  notch-root  radius 
p  under  static  tension. 
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Fig.  5  Growth  of  the  area  of  fatigue- 
damage  zone. 


seen  that  the  area  of  damaged  zone  has  a 
one-to-one  correspondence  with  a  notch-root 
radius.  There  is  no  difference  between  IM 
specimen  and  M  specimen. 

Figure  4  shows  the  maximum  elastic 
stress  at  fracture  in  static  tension  versus 
notch-root  radius.  As  can  be  seen  from  Fig.  4, 
each  experimental  point  of  IM  specimen  fell 
in  close  proximity  to  the  characteristic  curve 
for  M  specimen. 

Fatigue  damage  is  accumulated 
severely  at  the  region  where  R.L.  is  small. 
The  growth  curves  of  the  area  of  fatigue- 
damage  zone  where  R.L.  ^  60  %  are  shown 
in  Fig.  5.  When  the  area  of  fatigue-damage 
zone  increased  to  the  value  of  0.1  mm2,  the 
fatigue-damage  zone  increased  rapidly.  We 
determined  that  Nd  is  the  number  of  loading 
cycles  at  the  area  of  fatigue-damage  zone  = 
0.1  mm2  [2]. 

The  growth  curve  of  fatigue-damage 
zone  for  IM  specimen  is  different  from  M 
specimen  subjected  to  the  same  value  of  the 
maximum  elastic  stress. 

Figure  6  shows  the  relationship 
between  the  maximum  elastic  stress  and  the 
fatigue-damage  initiation  Nd  for  a  constant 
notch-root  radius  p.  The  processes  of  fatigue 
damage  initiation  of  IM  specimen  were 
different  from  that  of  M  specimen.  As  can  be 
seen  from  Fig.  6,  the  number  of  loading 


Cycles  to  damage  initiation  Nd 


Fig.  6  The  relation  between  the  maximum 
elastic  stress  omax  versus  the  cycles 
to  fatigue  damage  initiation  Nd* 


cycles  to  fatigue  damage  initiation  of  IM 
specimen  were  longer  than  that  of  M 
specimen. 


Conclusions 

The  strength  and  process  of  damage 
initiation  for  notched  FRP  plates  made  by 
injection  molding  (IM  specimen)  and  that  of 
machining  (M  specimen)  have  been 
investigated. 

For  static  tension  tests,  the  strength 
and  process  of  damage  initiation  of  IM 
specimen  were  similar  to  that  of  M  specimen. 

On  the  other  hand,  the  process  of 
fatigue  damage  initiation  of  IM  specimen 
was  different  from  that  of  M  specimen.  The 
number  of  loading  cycles  to  fatigue  damage 
initiation  of  IM  specimen  were  longer  than 
that  of  M  specimen. 
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Abstract 

This  paper  presents  the  effect  of 
thermal  treatment  on  mechanical  properties 
of  carbon  fiber  reinforced  epoxy 
(CF/Epoxy)  composites.  At  first,  the 
shrinkage  strain,  the  mechanical  properties 
such  as  Vickers  hardness  of  resin,  transverse 
modulus  and  strength  and  Weibull 
parameters  of  transverse  strength  are 
measured  for  carbon/epoxy  unidirectional 
laminates  after  four-hour  thermal  treatment. 
Then,  the  effect  of  thermal  treatment 
temperature  on  transverse  cracking  behavior 
in  a  cross-ply  laminate  is  experimentally 
investigated.  The  change  in  the  residual 
stress  due  to  thermal  treatment  is  also 
estimated  for  the  cross-ply  laminate.  Finally, 
the  fracture  surfaces  of  transverse  cracks  are 
observed  using  the  scanning  electron 
microcopy  (SEM)  to  reveal  the  effect  of 
thermal  treatment  on  fracture  behavior.  It  is 
found  that  the  unidirectional  laminate 
shrinks  in  only  the  transverse  direction  after 
thermal  treatment.  The  hardness  of  the  resin 
increases  with  increasing  thermal  treatment 
temperature  below  150  'C  while  transverse 
modulus  and  strength  are  independent  of 
temperature  below  150  .  Transverse 

cracks  in  cross-ply  specimens  after  thermal 
treatment  initiate  at  lower  stresses  than  the 


critical  stresses  in  virgin  specimens.  It  is 
deduced  from  SEM  observation  of  fracture 
surfaces  that  the  fiber/resin  interface  is 
weakened  by  thermal  treatment  that  may 
lead  to  reduction  in  the  transverse  strength 
at  200  t). 

Key  words:  Thermal  Treatment,  Transverse 
Modulus,  Transverse  Strength,  Transverse 
Cracking,  Residual  Stress 

Introduction 

As  composite  materials  have  been 
widely  used  in  various  industrial  fields,  it  is 
essential  to  quantitatively  evaluate  effect  of 
thermal  history  on  mechanical  properties 
and  geometrical  change.  Fiber  reinforced 
thermoplastic  composites  shrink  in  the 
transverse  direction  during  a  curing  process 
[1].  Shrinkage  is  also  observed  when  a 
composite  is  subjected  to  high  temperature 
during  thermal  treatment.  While  some 
researches  have  been  conducted  for  other 
material  systems  [2,3],  effect  of  thermal 
treatment  on  mechanical  properties  and 
fracture  behavior  of  this  composite  has 
received  little  attention  in  the  literature. 

In  the  present  study,  we  measured 
shrinkage  strain  and  change  in  Vickers 
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hardness  of  resin,  Young’s  modulus  and 
strength  of  a  unidirectional  CF/Epoxy 
composite  after  thermal  treatment.  Then, 
transverse  cracking  behavior  in  a  cross-ply 
laminate  was  studied  taking  transverse 
strength  and  residual  stress  into  account. 
In  addition,  fracture  surfaces  were  observed 
by  scanning  electron  microscopy  (SEM)  to 
reveal  the  fracture  behavior. 

Experiment 

Material  and  thermal  treatment 
The  CF/Epoxy  unidirectional  and  cross-ply 
([0°/90°3]s)  laminates  were  fabricated  by 
means  of  an  autoclave  system  at  a  curing 
temperature  of  180  °C.  In  some 

unidirectional  laminates,  thermocouples  and 
heat-resistant  strain  gages  were  embedded 
between  prepregs  and  cocured.  The 

specimens  were  cut  out  of  unidirectional  and 
cross-ply  laminates  and  heated  for  four 
hours  at  temperatures  70,  110,  150  and  200 
°C  in  air  under  the  atmospheric  pressure. 
The  longitudinal  and  transverse  strains  in 
the  unidirectional  laminate  were  measured 
during  thermal  treatment. 

Mechanical  tests  and  fracture  behavior 
After  polishing  the  cross-section  of  virgin 
and  thermally-treated  [90°]  specimens, 
Vickers  hardness  of  resin  between  fibers 
were  measured  for  applied  load  1  gf.  Tensile 
tests  were  performed  for  [90°]  specimens 
to  measure  transverse  modulus  E2  and 
strength  S2 .  Weibull  parameters  of 
transverse  strength  S2  were  also  measured 
assuming  that  S2  obeys  the  following  two- 
parameter  Weibull  distribution: 

'-‘-'life)')  »> 

where  F ,  Vs  and  V0  denote  probability  of 
failure  at  transverse  stress  a2,  standard 
volume  and  volume  of  the  specimen. 


respectively,  and  n  ,  a0  are  shape  and  scale 
parameters,  respectively.  Fracture  surfaces 
of  [90°]  specimens  with  and  without 
thermal  treatment  were  observed  by  means 
of  SEM  focusing  on  fiber/matrix  interfaces. 
Tensile  tests  were  also  conducted  for  cross- 
ply  specimens  to  measure  transverse  crack 
density  as  a  function  of  applied  stress  at 
room  and  high  (110  °C)  temperatures. 
Gage  length  for  transverse  cracking  was  60 
mm  which  corresponds  to  gage  length  of  the 
two  strain  gages  on  the  specimen. 

Results  and  Discussion 
Shrinkage  strain 

Figure  1  shows  change  in  the  transverse 
strain  in  the  unidirectional  specimens  during 
thermal  treatment.  The  strain  increases  with 
increasing  temperature  and  then  decreases 
while  temperature  is  kept  constant.  The 
strain  decrease  during  cooling  and 
compressive  permanent  strain  is  observed  at 
room  temperature.  The  permanent  strains  (- 
730,  -650,  -2500  pc  for  110,  150,  200  °C) 
are  comparable  to  the  shrinkage  strains 
during  thermal  treatment.  On  the  other  hand, 
the  longitudinal  strain  decreases  with 


Fig.  1  Transverse  Strain  in  Unidirectional 
Laminates  during  Thermal 
Treatment. 
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Table  1  Vickers  Hardness,  Transverse 

Modulus,  Transverse  Strength  and 
its  Weibull  Parameters 


T 

Ei 

S2 

n 

O-u 

x : 

(Igf) 

MPa 

MPa 

MPa 

RT 

22.2 

8.28 

74.1 

5.15 

256 

70 

23.1 

N/A 

N/A- 

N/A 

N/A 

110 

23.8 

8.11 

N/A 

N/A 

N/A 

150 

25.2 

8.34 

76.5 

6.21 

215 

200 

23.9 

8.15 

63.4 

5.48 

205 

temperature  rise  and  returns  to  zero  at  room 
temperature. 

Hardness,  Modulus  and  Strength 
Table  1  summarizes  the  Vickers  hardness  of 
resin  //v,  transverse  modulus  E2  and 
strength  S2  and  Weibull  parameters  of  S2 
for  various  thermal  treatments.  The  scale 
parameter  a„  was  computed  with  the  use 
of  V0  =  1  mm'  and  Vs  =  448  mm' . 
Hardness  increases  with  an  increase  in 
temperature  below  150  °C  while  it 
decreases  at  200  °C.  The  increase  in 
hardness  is  attributed  to  post-cure  effect  of 
resin  while  the  decrease  at  200  °C  may  be 
ascribed  to  deterioration  of  resin  due  to  high 
temperature  over  glass  transition 
temperature  (about  160  °C).  Transverse 
modulus  E2  and  strength  S2  are 
insensitive  to  thermal  treatment  except  for 
reduction  in  strength  S2  at  200  °C.  The 
shape  parameter  n  dose  not  change  largely 
with  temperature  whereas  the  scale 
parameter  cr0  decreases  with  increasing 
temperature. 

Fracture  behavior 

Figure  2  shows  SEM  photographs  of 
fracture  surfaces  of  [90°]  specimens  with 
and  without  thermal  treatment.  In  the 
thermally-treated  specimen  (200  °C), 

amount  of  resin  attached  to  fiber/resin 
interfaces  is  small  compared  with  the  virgin 
specimen.  This  indicates  weakness  of 
interface  strength  after  thermal  treatment. 


which  leads  to  reduction  in  transverse 
strength  S2  at  200  °C. 

Transverse  cracking 

Figure  3  shows  transverse  crack  density  as  a 
function  of  applied  stress  in  cross-ply 
specimens  with  and  without  thermal 
treatment.  Critical  stress  for  transverse 
cracking  decreases  with  increasing  thermal 
treatment  temperature  T  and  the  crack 
density  is  larger  at  higher  temperature  T . 


(b) 

Fig.  2  SEM  Photos  Showing 

Fracture  Surfaces;  (a)  Virgin 
and  (c)  200T:. 
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Crack  density  (/mm)  Crack  density  (/mm) 


(2) 


(a) 


(b) 

Fig.  3  Transverse  Crack  Density  VS. 

Stress  at  (a)  25  *C  and  (b)  110  *C. 

Transverse  cracking  behavior  can 
be  explained  by  residual  stress  in 
conjunction  with  a  probabilistic  failure 
model.  The  shrinkage  in  the  transverse 
direction  increases  the  residual  stress  in  the 
90°  ply  (36  MPa  at  room  temperature  for  a 
virgin  specimen)  by  5.2,  4.6,  17.8  MPa  for 
thermal  treatment  of  110,  150  and  200  °C , 
respectively.  Transverse  crack  density  p  is 
expressed  by  the  following  equation  [4]: 


,  K  (a2+a2,T  ~°c 

‘-“fnl  a. 

where  Le  is  the  element  length  [4]  obtained 
using  a  shear  lag  analysis,  Vc,o2  and  a2T 
denote  the  element  volume,  transverse  stress 
and  residual  stress  in  the  90°  ply  and  (7,- 
denotes  strength  increment  due  to  constraint 
effect  [4].  With  the  use  of  Lc  =  1.234mm, 
Vt  -  10.96  mm'’  ,  oc  =10.0  MPa  together 
with  the  material  properties  shown  in  Ref. 
[5]  and  in  Table  1,  the  transverse  crack 
density  is  predicted  through  Equation  (2). 
Predicted  crack  density  is  shown  in  Figure  3 
(a)  as  solid  lines.  Predictions  agree 
qualitatively  well  with  the  experimental 
results. 

Concluding  Remark 

Effect  of  thermal  treatment  on 
mechanical  properties  of  CF/Epoxy 
composites  is  studied.  Transverse  modulus 
and  strength  are  insensitive  to  thermal 
treatment  below  150  °C  except  hardness  of 
resin.  Thermal  treatment  of  200  °C 
decreases  the  transverse  strength  and 
strength  for  transverse  cracking.  Reduction 
in  the  strength  results  from  an  increase  in 
the  residual  stress  in  the  90°  ply  due  to 
shrinkage  in  the  transverse  direction. 
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Abstract 

Plastic  compounds  filled  with  stainless  steel 
micro  fiber(SMF),  named  as  “SUSTEC”, 
exhibit  very  uniform  good  electric 
conductivity  and  low  frictional  electrification 
properties.  SMF  is  a  curved  fine  fiber(10/2 
m  in  mean  dia.  and  300 /Zm  in  mean  length) 
made  by  grinding  the  stainless  steel  sheet.  A 
low  sloughing  and  particulate  contamination 
free  properties,  an  excellent  wear  resistance, 
a  low  warpage  and  good  dimensional 
stability  are  also  important  characteristics  of 
SUSTEC.  These  characteristics  are 
attributable  to  the  ductile  and  isotropic  nature 
of  SMF  and  its  three  dimensional  fine 
network  structure  in  the  compounds. 
SUSTEC  compounds  are  applied  to 
electric/electronic  parts  which  require  the 
basic  properties  free  from  dust  contamination 
and  charging  of  static  electricity,  e.g.  the  tray 
for  IC  packages. 

Key  Words:  Stainless  Steel  Micro  Fiber, 
Electrically  Conductive  Plastics. 

Introduction 

Many  electrical  and  electronic  parts 
using  plastics  have  Electro-Magnetic 
Interference(EMI)  and  Electro-Static 
Discharge(ESD)  problems,  because  plastics 
are  electrical  insulation  materials  and 


transparent  against  electromagnetic  radiation. 
There  are  a  number  of  ways  to  solve  EMI  and 
ESD  problems,  for  example,  an  electroless 
and  electrolytic  plating,  a  spray  coating,  a 
vacuum  metallising  and  a  conductive  paint. 
One  of  the  best  way  is  the  use  of  electrically 
conductive  plastics  such  as  stainless  steel 
fiber  loaded  plastics. 

This  paper  describes  characteristics 
of  “Stainless  Steel  Micro  Fiber”  developed 
and  produced  by  KAWASAKI  STEEL 
Techno-research  Corporation. 

Stainless  Steel  Micro  Fiber(SMF) 

SMF  is  a  curved  fine  fibe^lO/im  in 
mean  dia.  &  300 /im  in  mean  length)  made 
by  grinding  the  stainless  steel  sheet(Fig.l). 


Fig.l  Stainless  Steel  Micro  Fiber(X30) 

Average  Size:  10>Um  in  dia.,  300 jUm  in  length 
Specific  Gravity:7.9,  Specific  Surface:0.30  m2/g 
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Properties  of  SMF  Loaded  Plastic 
Compounds 

Electroconductivity 

Figure  2  shows  the  volume 
resistivity  of  stainless  steel  fiber  loaded  ABS. 
In  the  case  of  SMF  loaded  ABS,  the 
electroconductivity  appears  in  the  range  of 
6-8  volume  percent.  That  of  stainless  steel 
long  fiber(SUS-L,  08/ZmX6mm)  loaded 
ABS  appears  only  at  0.5  volume  percent.  It 
is  considered  that  the  difference  between 
SMF  and  SUS-L  is  attributable  to  the  aspect 
ratio  of  fiber.  SUS-L  has  the  advantage  that 
the  low  loading  levels  in  the  range  of  0.5-1.5 
volume  percent  are  sufficient  to  satisfy  ESD 
or  EMI  requirements.  However,  as  can  be 
seen  from  the  vertical  curve  of  SUS-L  in 
Fig.2,  it  is  difficult  to  control  the  volume 
resistivity  of  103  Q  'em  or  above.  On  the 
other  hand,  the  volume  resistivity  of  SMF 
loaded  ABS  can  be  controlled  accurately  in 
the  range  of  101-  105Q  *cm  by  changing  the 
SMF  content. 


lO10 

p  to8 
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I  10* 

£  to2 
0) 

J  10° 
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V  _  _ 

SMF 

^  SUS-L 

5  10  15  20  25  30 

Filler  Content(Vol%) 


Fig.2  Volume  Resistivity  of  Stainless  Steel 
Fiber  Loaded  ABS 

SUS-L:Slainless  Slecl  Long  Fibcr(  0  8 JU  m  X  6mm) 
SMF:  St  a  inless  Steel  Micro  Fiber(  0 10  X300/Zm) 


Homogeneous  Electric  Conductivity 

The  relationship  between  the 
distance  from  gate  of  moldings  and  the 
volume  resistivity  is  shown  in  Table  1.  The 


volume  resistivity  decreases  with  increasing 
distance  from  gate.  At  the  same  time, 
specific  gravity  also  increases.  One  of  the 
cause  of  variation  of  volume  resistivity  is  the 
variation  of  filler  content.  The  degree  of 
variation  of  SUS-L  loaded  ABS  is  larger  than 
that  of  SMF  loaded  ABS. 


Tablel  The  Effect  of  Distance  from 
Gate  of  Moldings  on  Volume  Resistivity 


No. 

SMF43wt%  Loaded  ABS 

S.G. 

Filler 

Contenl 

(wt%) 

VR 

( Q  •  cm) 

1 

1.643 

41.6 

4.7  X104 

2 

1.642 

41.6 

2.0  X104 

3 

1.645 

41.7 

7.8  X103 

4 

1.651 

42.0 

4.4  X103 

5 

1.661 

42.4 

2.4  X 103 

6 

1.669 

42.8 

1.0  X103 

7 

1.668 

42.7 

9.9  X102 

No. 

SUS-L  9wt%  Loaded  ABS 

S.G. 

Filler 

Content 

(wt%) 

VR 

( £2  •  cm) 

1 

1.121 

7.3 

3.4  X101 

2 

1.126 

7.8 

7.1X10° 

3 

1.128 

8.0 

5.1X10° 

4 

1.133 

8.5 

2.7X10° 

5 

1.140 

9.1 

1.3X10° 

6 

1.153 

10.3 

7.8  X  10  1 

7 

1.164 

11.3 

3.5  X  10  1 

Filler  Content:Caluculatcd  Value  from  Specific 
Ggravity(ABS:  1 .05,  filler:7.9) 

SUS-L:StainIess  Slecl  Long  Fiber 
S.G.:Spccific  Gravity 
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Table  2  shows  the  surface  resistivity 
of  SMF  loaded  polypropylene  moldings(IC 
chip  tray).  At  any  points  on  the  molding, 
SMF  loaded  composite  reveals  a  very 
homogeneous  surface  resistivity. 


Table  2  Surface  Resistivity  of  IC  Chip  Tray 


Position 

SR(Q/sq) 

SR(Q/sq) 

<D 

■m 

Wt&M 

<3> 

Material :  SMF  38wt%  Loaded  PP, 
SR:Surface  Resistivity 


M 

■ 

■ 

m 

m 

[El 

■ 

Hi 

11 

li 

in 

Hi 

ll 

li 

M 

m 

Si 

iS 

li 

m 

a 

8  pin  gates,  Tray  Size:135mmX  320mm 


Anisotropy 

Stainless  steel  fiber  loaded  plastic 
moldings  have  a  very  small  anisotropy(Table 
3).  Especially,  anisotropy  of  mold  shrinkage 
is  almost  equal  to  1.0.  For  this  reason,  the 
moldings  of  stainless  steel  fiber  loaded 
plastics  exhibit  a  very  low  warpage  and  good 
dimensional  stability. 

Low  Sloughing  and  Particulate 
contamination-Free  Properties 

Table  4  shows  the  volume  wear 
obtained  with  the  thrust  washer  test  apparatus. 
The  volume  wear  of  SMF  loaded 
polypropylene  is  very  small  compared  with 
that  of  polypropylene.  Furthermore,  SMF 
loaded  polypropylene  exhibits  1/5  volume 
wear  of  carbon  black  loaded  polypropylene 
which  has  same  surface  resistivity. 

The  low  sloughing  and  particulate 
contamination-free  properties  are  attributable 
to  the  ductile  nature  of  stainless  steel  fiber. 


Table  3  Anisotropy  of  Stainless  Steel 
Fiber  Loaded  ABS  Moldings  _ 


Test  Items 

Direction 

SMF 

43wt% 

ABS 

SUS-L 

9wt% 

ABS 

Flexural 

Strength 

//(MPa) 

74 

70 

_L(MPa) 

58 

59 

III. L 

1.28 

1.17 

Flexural 

Modulus 

//(MPa) 

4670 

2870 

_L(MPa) 

3630 

2750 

/111 

1.29 

1.04 

Mold 

Shrinkage 

//(%) 

0.24 

0.38 

M%) 

0.26 

0.38 

±1/1 

1.08 

1.00 

Surface 

Resistivity 

//(Q/sq) 

2.7X103 

3.9X101 

_L(  Q/sq) 

2.7  X  10s 

4.8X101 

Volume 

Resistivity 

//(Q  •  cm) 

3.9  X104 

5.5X10° 

_L(Q  *cm) 

4.4  X103 

2.7X10° 

//:Flow  direction,  JL  Transverse  direction 
Specimen:Cutting  from  120x120x2mm  plaque 


Table  4  Thrust  Washer  Test  of  SMF 
Loaded  Polypropylene  _ 


Test 

Test  Sample 

Volume  Wear 
(mm3) 

1 

Polypropylene(PP) 

20.7 

SMF60wt%  PP 

1.3 

2 

Carbon  Black  22wt%  PP 

10.3 

SMF  38wt%  PP 

2.0 

Test  Method  :J  IS  K7218 

Test  1;  Pressure :137N,  Velocity:15m/min,  Elapsed 
time:60min,  Counterface:S45C 
Test  2  ;  Pressure:50N,  Velocity:30m/min,  Elapsed 
time:100min,  Counterface:S45C 

Conclusions 

SMF  loaded  plastic  compounds  are 
available  as  a  commercial  name  “SUSTEC”. 
SUSTEC  has  excellent  characteristics  as  a 
electrically  conductive  plastics,  such  as  a 
controlable  and  homogeneous  resistiveity,  a 
low  warpage  and  good  dimensional  stability, 
a  low  sloughing  and  particulate 
contamination-free  properties. 
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Abstract 

In  the  present  paper  we  report  on  the 
successful  preparation  of  a  new  functional 
conductive  epoxy  resin,  silver  coated  carbon 
black  composite  with  a  positive  temperature 
coefficient  of  resistance  (PTC)  and  effective 
electric  wave  shielding  properties.  The 
correlation  between  electrical  conductivity 
and  the  volume  of  silver  coated  carbon  black 
has  also  been  investigated.  The  temperature 
dependence  of  electrical  properties  was 
analyzed.  We  performed  a  study  of  the 
mechanisms  related  to  the  DC  electrical 
conductivity  of  epoxy  resin  loaded  with 
different  concentrations  of  silver  coated 
carbon  black.  The  morphology  of  silver 
coated  carbon  black  was  displayed  by  using 
scanning  electron  microscopy  (SEM).  We 
have  concluded  that  the  silver  coated  carbon 
black  is  a  promising  composite  for  heating 
elements,  temperature  sensors  and  electric 
wave  shielding  applications. 

Key  Words:  epoxy  resin,  silver  coated 
carbon  black,  electrical  heater,  electric  wave 
shielding 

1.  Introduction 

Dispersion  of  a  conductive  filler  into 
an  insulating  polymer  matrix  yields  a 
composite  material  characterized  by  a  sharp 


increase  of  its  bulk  electrical  conductivity, 
when  the  volume  fraction  of  filler  is 
increased  above  a  threshold  value  [1,2,3]. 
With  increasing  temperature,  most  such 
composites  display  a  sharp  increase  of  their 
resistance.  This  effect,  known  as  the  positive 
temperature  coefficient  of  resistance  (PTC) 
is  pronounced  in  semi-  crystalline  and 
amorphous  polymers.  In  fact,  the 
mechanism  involved  in  the  change  of  the 
electrical  properties  of  the  composites  is  still 
under  debate  in  the  literature.  Recently, 
shielding  against  electric  waves  has  become 
a  critical  and  functional  requirement  for 
plastic  housings  and  others  in  order  to 
protect  the  electronic  components  from 
environmental  electric  wave  shielding.  In 
the  present  paper,  experimental  and 
theoretical  studies  of  the  electrical  properties 
and  electric  wave  shielding  effectiveness  of 
silver  coated  carbon  black  epoxy  composites 
are  also  presented. 

2.  Experimental 

Silver  coated  carbon  black  is  used  as 
the  conducting  filler.  The  matrix  is  epoxy, 
mixed  with  bisphenol  A  type  liquefied  epoxy, 
with  gravity  of  l.lOg/ml.  Dispersion  of 
silver  coated  carbon  black  into  the  liquid 
epoxy  and  hardener  matrix  is  achieved  by 
use  of  a  centrifuge  mixer  for  1  minute.  The 
composite  material  is  then  cast  in  a  Teflon 
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mould  and  cured  in  a  controlled  chamber  at 
20  °C.  The  filler/epoxy  ratios  (weight  ratio) 
are  6:4,  5:5,  and  4:6.  The  three  series  are 
abbreviated  as  TP -A,  TP-B  and  TP-C, 
respectively.  The  shape,  size  of  the  TPs  and 
the  positions  of  thermocouples  are 
illustrated  in  Fig.l. 


Fig.l  TP  shape,  size  and  positions  of 
thermocouples 


3.  Results  and  Discussion 

3.1  Resistance  -Temperature  studies 

Preliminary  studies  indicate  that 
epoxy  composite  filled  with  silver  coated 
carbon  black  will  increase  the  static 
resistance  as  shown  in  Fig.2.  This  is  because 
at  a  low  content  of  filler  there  is  no  physical 
contact  between  the  conductive  aggregates. 
However,  with  increasing  content  of  filler 
the  network  conducting  aggregates  are 
formed  and  therefore  the  resistance  sharply 
increases.  In  a  comparison  between  the 
present  work  and  an  epoxy  filled  with 
carbon  black  without  silver  coating  (Fig. 
2(b)),  it  is  observed  that  the  resistance  of 
epoxy  filled  with  silver  coated  carbon  black 
has  a  lower  resistance  compared  with 
epoxy-carbon  black  at  the  same  value  of  the 
volume  fraction  of  the  filler.  This  indicates 
that  the  silver  coated  carbon  black  has  better 
adhesion  interaction  with  epoxy  interface,  as 
was  confirmed  by  using  scanning  electron 
microscopy  (SEM). 


Figure  2(a)  shows  the  variation  of 
the  resistance  with  temperature  for  different 
volume  fractions  of  silver  coated  carbon 
black.  It  is  clear  that  at  low  temperature  the 
resistance  increases  only  slightly  up  to 
certain  temperature,  and  then  abruptly 
increases.  This  abrupt  increase  depends  on 
volume  of  the  silver  coated  carbon  black 
content.  The  slight  increase  of  resistance 
may  be  due  to  the  bulk  thermal  expansion  of 
the  epoxy  matrix  and  increases  the 
separation  distance  between  the  conductive 
aggregates.  On  the  other  hand  the  abrupt 
increase  in  resistance  can  be  ascribed  to  the 
increase  in  viscosity  and  the  decrease  in  the 
surface  energy  among  conductive  aggregates 
[2,3].  This  leads  to  an  increase  in  the 
separation  distance  among  conductive 
aggregates  and  forms  a  hard  barrier,  which 
hinders  the  charge  carriers  from  hopping 
and/or  tunneling  from  one  site  to  another.  As 
a  consequence  resistance  increases  sharply. 
Another  possible  mechanism  of  increasing 
resistance  is  the  increase  of  the  barrier  high 
energy  among  conductive  aggregates.  This 
activation  energy  (Ea)  can  be  calculated  by 
the  following  equation: 

R  =  R0txp(-EJKT)  (1) 

where  K  is  Boltzman  constant,  and  T  is 
absolute  temperature. 

The  calculated  values  of  Ea  as  a 
function  of  silver  coated  carbon  black 
content  are  shown  in  Fig.3.  In  order  to  give 
more  insight  into  the  conduction  mechanism 
of  conductivity,  we  calculate  the  hopping 
energy  (Eh)  among  conductive  aggregates  by 
the  following  equation: 

Rjr  ~R0exp(-Eh/KT)  (2) 

The  calculated  values  of  Eh  as  a  function  of 
filler  content  are  shown  in  Fig.4  from  which 
it  is  reasonable  to  conclude  that  the  values  of 
Ea  are  not  close  to  the  values  Eh.  This  shows 
that  the  conduction  mechanism  within  epoxy 
composites  obeys  the  tunneling  conduction 
mechanism.  Thus  the  decrease  of  Ea  with 
increasing  filler  content  indicates  that  the 
inclusion  of  filler  within  an  epoxy  matrix 
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improves  the  interface  among  conductive 
aggregates  and  changes  the  morphological 
structure  of  epoxy  composites.  This  is 
confirmed  by  the  results  from  the  SEM. 


20  30  40  50  60  70 

TemperatureCC) 

Fig.2:  a)  T-R  curve  for  epoxy  silver  coated 
carbon  black,  b)  T-R  curve  for  epoxy 
filled  carbon  black. 


Fig.3  The  Variation  of  Ea,  Eh  and  N  (E)  vs. 
filler  content  for  epoxy  composites. 


3.2  Current  -  Voltage  -  Temperature 
Dependence  for  composite  material 

Figure  4(a)(b)(c)  shows  the  Current 
-  Voltage  -  Temperature  characteristics  of 
TP-A,  TP-B,  and  TP-C.  In  Fig.4  (a)(b)(c),  it 
can  be  seen  that  the  current  increases  with 
increasing  applied  voltage  up  to  a  certain 
voltage  (namely  the  peak  voltage),  and  then 
it  decreases  again.  It  is  interesting  to  note 
that  the  peak  voltage  also  decreases  with 


increasing  silver  coated  carbon  black 
content.  This  means  that  the  addition  of 
silver  coated  carbon  black  enhances  the 
cross-linking  density  into  the  epoxy  matrix. 
We  believe  that  the  decrease  of  current,  after 
the  peak  voltage  is  reached,  is  attributable  to 
the  increase  of  the  TP  temperature  due  to  the 
Joule  heating  effect.  The  resistance  therefore 
increases  (i.e.  current  decreases).  Also  it  is 
clear  that  temperature  increases,  with 
increasing  applied  voltage. 
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Fig.4  (a)  I-V-T  characteristic  for  TP-A 
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Fig.4  (b)  I-V-T  characteristic  for  TP-B 
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Fig.4  (c)  I-V-T  characteristic  for  TP-C 


3.3  Morphological  study 

SEM  results  for  TP-A  and  TP-B  are 
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shown  in  Fig.5  (a)  and  (b)  respectively.  They 
reveal  that  the  average  diameter  of  silver 
coated  carbon  black  particles  is  12  p  m.  The 
quantity  of  epoxy  particles  in  TP-A  is  denser 
than  in  TP-B.  The  silver  coated  carbon  black 
particles  are  also  more  homogeneous  and 
better  dispersed  in  TP-B  than  in  TP-A. 
Finally,  in  TP-B  the  silver  coated  carbon 
black  are  connected  and  more  tight 
compared  to  TP-A.  _ 


Fig.5  (b)  Photograph  of  TP-B 
3.4  Electric  wave  shield 

The  electric  wave  shield  is  calculated 
by  the  following  equation  [4]. 

SE=R  +A+B 

.R=  50.51  -10  \og(  fp)  (3) 

A  =  1.726/-^  f  l  p 

where  R  is  reflection  loss,  A  is 
absorption  loss,  /  is  the  frequency,  t  is 
the  TP  thickness,  p  is  the  resistively. 

The  variation  of  shield  effect  with 
frequency  at  thickness  0.1cm  is  illustrated  in 
Fig.6.  It  can  be  seen  that  the  shield  effect 
increases  with  increases  in  filler  content. 
This  implies  that  silver  coated  carbon  black 
has  enhanced  the  connectivity  between 
conductive  particles  within  an  epoxy 
composite.  It  is  worth  mentioning  that  the 
shield  effect  slightly  decreases  with 


increasing  frequency.  This  means  that  epoxy 
filled  silver  coated  carbon  black  is  a  good 
composite  for  electric  wave  shielding 
applications. 


Freqency(MHz) 

Fig.6  Shield  effect  vs.  frequency 
4.  Conclusions 

1.  Static  conductivity  depends  on  the 
morphology  and  fractal  aggregates  of  the 
conducting  filler. 

2.  Conductivity  changes  with  temperature 
during  PTC  effect  depend  on  the  volume 
fraction  of  silver  coated  carbon  black. 

3.  The  silver  coated  carbon  black-epoxy 
composites  can  be  used  for  temperature 
sensor  and  current  limiter  applications. 

4.  High  electric  wave  shielding  can  be 
obtained  using  a  high  volume  of  silver 
coated  carbon  black 
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Abstract 

Ceramic  composite  functional 
composite  systems  have  become  important 
elements  of  next-generation  power  systems, 
including  fuel  cells  and  advanced  turbines. 
These  CMC  systems  are  functional  in  several 
domains  of  physics  and  mechanics,  including 
electrochemistry,  thermal  management,  and 
mechanical  response.  This  functional 

behavior  is  highly  coupled,  requiring  the 
solution  of  “multi-physics”  models  to 
describe  their  operational  characteristics. 
That  situation  is  further  complicated  by  the 
fact  that  the  properties  of  the  CMC  system 
constituents  are  functions  of  time  and  service 
history,  and  by  the  fact  that  they  are  not 
necessarily  uniformly  distributed  throughout 
the  engineering  component.  This  paper 
outlines  some  of  the  salient  elements  of  this 
problem  and  outlines  some  basic  precepts  that 
form  an  approach  to  predictive  modeling  for 
such  systems. 

Introduction 

One  of  the  most  significant 
developments  in  the  field  of  composites  is  the 
use  of  layered  ceramic  composites  as 
functional  materials,  especially  for 

engineering  components  used  in  the 
manufacturing,  processing,  and  power 
industries.  In  many  cases,  this  has  become 
literally  an  enabling  technology.  This  is 
especially  true  for  fuel  cells,  where  solid 
oxide  fuel  cell  systems  (SOFCs)  hold  a 


singular  promise  of  efficient  use  of  available 
energy,  distributed  power,  and  reliable  energy 
for  the  industrial  and  civil  sectors. 

SOFCs  are  solid-state  electrochemical 
devices  made  by  bonding  porous  electrodes  to 
an  ionically  conducting  electrolyte.  The 
anode  of  such  an  SOFC  is  typically 
nickel/Zirconia  cermet;  the  cathode  may  be  a 
doped  lanthanum  manganite;  and  the 
electrolyte  is  most  often  a  stabilized  zirconia. 
This  tri-layer  composite  is,  in  turn,  bonded  to 
interconnects  that  provide  an  electrical 
connection  between  the  anode  of  one  cell  to 
the  cathode  of  the  adjacent  cell  in  a  stack  that 
produces  useable  levels  of  power.  These 
interconnects  must  be  compatible  with  the 
other  cell  materials  at  operating  temperatures 
(generally  of  the  order  of  800  to  1000  °C),  be 
chemically  and  physically  stable  in  reducing 
and  oxidizing  environments,  and  have 
sufficient  mechanical  strength  to  act  as  the 
structural  component  of  the  stack. 

Considerable  investigative  effort  has 
been  dedicated  to  the  characterization  of  the 
mechanical  properties  of  the  constituent 
materials  in  an  SOFC.  Armstrong  [1]  and 
Rug,  et.  al  [2]  have  discussed  both  the 
physical  and  mechanical  properties  of 
Lanthanum  Chromite1,  and  quotes  the  flexural 
strength  of  that  material  as  a  function  of 
density  and  grain  size  for  acceptor-substituted 
Lanthanum  Chromites.  Armstrong  also 
discusses  the  effect  of  heat  treatment  at 
different  oxygen  partial  pressures  on  Ca- 
substituted  and  Sr-substituted  lanthanum 


1  A  candidate  material  for  ceramic  interconnect. 


559 


chromites,  in  terms  of  the  microstructure  of 
those  materials.  His  work,  and  the  work  of 
others,  makes  it  clear  that  the  properties  of  the 
constituents  may  change  with  time  as  a 
function  of  the  operating  history  and 
environment.  Moreover,  the  bonded 
interfaces  in  such  systems  are  also  subject  to 
changes  in  material  state  with  operating  time. 
As  a  result,  cell  performance  can  also  be 
expected  to  change  with  time.  Indeed, 
changes  in  cell  performance  have  been 
observed  in  all  such  known  prototype  systems. 
It  should  be  emphasized  that  these  changes 
may  be  small  in  some  cases,  and  they  do  not 
threaten  the  promise  of  SOFC  fuel  cell 
performance,  but  they  do  define  their  life  and 
must  be  understood,  modeled,  and  predicted. 
That  is  the  objective  of  the  present  work. 

Long-Term  Performance  of  Fuel  Cells 

Fuel  cells  degrade  with  time;  eventually  they 
become  less  efficient  and  operation  is 
terminated.  This  degradation  is  often  caused 
by  corrosion  of  the  components.  Stationary 
cells  that  are  used  around  the  clock  may  be 
required  to  last  up  to  ten  years  (90,000  hours) 
whereas  an  automotive  cell  designed  to 
operate  for  only  one  or  two  hours  a  day  for 
ten  years  will  have  a  life  of  around  3000-5000 
hours[4].  Limited  data  on  the  life  of  fuel  cells 
now  in  use  is  reported  to  the  public. [2-7]  The 
following  is  a  sample  of  current  available  data 
on  the  life  expectancy  of  fuel  cells  for  each  of 
the  major  types.  All  numbers  are  in  hours, 
and  are  total  life  expectancy,  not  time  before 
refueling 


TYPE  OF  FUEL 

APPROXIMATE  LIFE 

CELL 

(HOURS)  ; 

PEM 

io,ooor 

PAFC 

40,0004 

PEFC 

15,000j 

|  MCFC 

7, 000-10, 0004 

AFC 

15,0004 

SOFC 

30,0004  -  69,000-*  1 

Multi-Scale  Multi-physics  Modeling 

What  controls  the  life  of  SOFCs?  Local 
mechanical  failures  (microcracking  and 
delamination)  are  certainly  possible  failure 
modes.[8]  But  more  often  life  is  controlled 
by  performance,  i.e.,  the  power  output  and 
efficiency  of  the  fuel  cell.  And  typically,  this 
performance  is  controlled  by  the 

electrochemical  reactions  at  the  electrode 
(anode  and  cathode)  -  electrolyte  interfaces, 
or  the  regions  near  the  interface  where  the 
electrochemical  reactions  occur.  Huang, 
Reifsnider,  and  Case  [9]  have  recently 
described  the  construction  of  performance 
metrics  that  can  be  used  to  represent 
engineering  behavior  in  terms  of  the 
controlling  electrochemical  processes  in  those 
reaction  regions.  They  note  that  these 

processes  occur  in  a  number  of  physical 
domains,  the  electrochemical  reactions  at  the 
interfaces,  the  transport  of  reactant  gases  to 
reaction  sites,  the  generation  and  diffusion  of 
heat,  and  the  equilibrium  of  internal  stresses. 
They  have  established  solution  methods  for 
the  system  of  simultaneous  integral - 

differential  equations  that  are  strongly 
coupled  by  shared  state  variables  to  determine 
the  performance  of  the  cell  as  a  function  of 
the  micro-constituent  material  properties  and 
property  changes.  These  solutions  connect 

the  global  performance  micro-level  cell 
structure. 

However,  the  material  constants  in 
those  equations  are  functions  of  time,  point 
wise  local  conditions,  and  history  of  operation. 
For  the  present  discussion,  to  answer  the 
question  of  what  controls  the  life  of  SOFCs, 
we  must  consider  one  more  scale  of  behavior. 
Models  (and  simulations)  of  electrodes  (and 
electrode/electrolyte  interfaces)  in  SOFCs  are 
being  developed.  (Sec  reference  11  for  a  good 
review.)  These  models  typically  estimate 
conductivity,  polarization  resistance,  and 
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impedance  of  electrodes  in  terms  of  the 
porosity,  microstructure,  local  geometry  and 
con-nectivity.  Those  details  determine  the 
local  kinetics  and  electrochemical  reactions  of 
the  electrons,  electrolyte  ions,  and  gas 
molecules,  and  thereby,  largely  determine  the 
performance  of  the  fuel  cell  at  the  global  level. 
(Sunde  [10]  notes  that  unless  the  porosity  of 
the  electrodes  is  significantly  less  than  30 
percent,  mass  transfer  in  porous  electrodes  is 
not  controlling.)  Hence,  the  evolution  of  the 
physical  constants  in  those  models  with  time 
and  history  of  operation  control  the  life  of  the 
SOFC. 

Multi-physics  models  are  critical  in  bridging 
the  gap  between  the  micro-level  structure  and 
material  evolution,  and  the  global  per¬ 
formance  metric.  It  is  also  an  indispensable 
tool  in  the  engineering  design  process  of 
SOFCs.  Material  characterizations  are  usually 
performed  at  controlled  homogeneous 
conditions;  local  working  conditions  inside  a 
cell/stack  are  far  from  uniform;  multi-physics 
models  are  needed  to  take  advantage  of  any 
experimental  data  to  predict  the  cell/stack 
performance.  There  has  been  evidence  [11] 
that  the  electrochemical  degradation  rates  are 
functions  of  some  local  intensive  variables, 
such  as  local  current  density.  Multi-physics 
models  are  needed  to  predict  global 
performance  taking  into  account  the  non- 
uniform  local  degradation  rate.  Mechanical 
failure  driving  forces  are  sensitive  to  the 
temperature  gradient  generated  by  any 
transient  processes,  such  as  start-up, 
shutdown,  and  load  fluctuations;  multi¬ 
physics  models  are  required  to  assess  the 
cell/stack  responses  under  these  transient 
conditions. 

Multi-physics  Models;  Example  Solutions 

In  the  Materials  Response  Group,  we 
have  built  a  simple  model  for  an  SOFC  single 
cell  and  developed  an  associated  solution 


scheme.  The  electrochemical,  thermal,  and 
gas  transport  processes  are  modeled.  A 
resistor  in  the  external  circuit  is  used  to 
simulate  the  electric  load.  The  coupled 
integral-differential  equations  are  solved  and 
the  distribution  of  all  intensive  variables  can 
be  obtained,  as  shown  in  Figure  1.  The 
performance  curve  is  easily  calculated  by 
integration  on  these  intensive  variables. 
Following  are  examples  of  a  solution. 


Figure  1.  A  steady-state  solution  of  the  multi-physics 
model.  Shown  above  are  the  variation  of  some  state 
variables  along  the  stream  line:  hydrogen  and  oxygen 
are  consumed,  the  generated  heat  are  removed  by  the 
air  stream. 

During  operation,  the  microstructure 
of  the  interfaces  and  material  properties 
evolve.  As  a  result,  the  overvoltage  increases. 
The  mechanisms  at  the  micro-level  are  still 
not  fully  understood.  But  the  kinetics  of  these 
processes  can  be  measured  in  some  controlled 
operation  conditions  [11];  the  result  can 
subsequently  be  incorporated  into  the  multi¬ 
physics  model  to  predict  the  performance 
evolutions.  The  performance  drop  after  the 
conductivity  of  the  electrolyte  has  decreased 
20%  is  shown  in  Figure  2. 

The  operation  of  SOFCs  involves  processes  in 
a  wide  range  of  temporal  scales.  The 
characteristic  rate2  of  electrochemical  process 
is  faster  than  the  gas  transport  process,  which 
is  in  turn  faster  than  the  heat  diffusion  process. 


2  The  rate  to  achieve  a  steady  state  from  a  disturbed 
state. 


561 


Indeed,  we  can  take  advantage  of  this  natural 
temporal  hierarchy. 


Figure  2.  Performance  decrease  due  to  the  decrease  of 
conductivity. 

In  solving  the  time-dependent 
problems,  we  assume  that  temperature  field  is 
in  a  steady  state  when  solving  the  time¬ 
marching  equations  of  gas  transport  and  we 
assume  the  gas  partial  pressure  is  steady  when 
we  solve  the  electrochemical  equations.  Thus 
the  computation  task  for  the  time-dependent 
problem  becomes  manageable.  A  simulated 
transient  response  of  a  SOFC  is  shown  below. 
The  inlet  gas  pressures  and  temperatures  are 
kept  constant.  A  disturbance  was  introduced 
to  the  external  load,  which  is  represented  by 
the  Heaveside  step  function.  The  transient 
response  of  the  current,  voltage,  and 
temperature  arc  calculated  and  shown  in 
Figure  3. 


Figure  3.  Simulated  transient  response  of  a  Solid  Oxide 
Fuel  Cell.  The  voltage,  current,  and  temperature  are 
calculated  following  a  sudden  drop  of  external 


resistance  R-ext.  The  inlet  gas  pressure,  temperature, 
and  composition  are  kept  constant. 

SUMMARY 

The  present  paper  has  outlined  the 
behavior  and  philosophy  needed  to  define  the 
long-term  multi-physics  performance  of 
functional  ceramic  composite  systems.  An 
approach  to  modeling  that  response  was 
suggested,  based  on  solutions  of  coupled 
models  of  the  associated  balance  equations 
which  incorporate  changes  in  material  states 
and  stress  states  as  a  function  of  service 
history.  The  need  for  experimental  data  to 
support  such  robust  modeling  was  identified. 
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Abstract 

The  mechanical  properties  of  ceramic 
matrix  composites  are  known  to  depend 
mainly  on  the  fibre/matrix  interface  shear 
strength  and  fibre  strength  Weibull 
parameters  measured  in  situ  the  composite. 
In  the  present  work  the  authors  review  two 
methods  to  obtain  the  fibre/matrix  interface 
shear  strength  and  their  application  to  a  3-D 
woven  SiC/SiC  composite. 

Key  Words:  interface  shear  strength, 
Weibull  parameters,  in  situ  fibre  strength, 
SiC/SiC. 

Introduction 

The  application  of  ceramic  matrix 
composites  (CMCs)  as  high  temperature 
structural  materials  has  led  to  calls  to  better 
understand  the  relationship  between 
microscopic  parameters  (e.g.,  fibre  strength) 
and  macroscopic  behaviour  (e.g.,  tensile 
strength).  Recent  work  [1]  has  shown  the 
macroscopic  behaviour  of  CMCs  to  be 
mainly  controlled  by  three  microscopic 
parameters,  namely  the  fibre/matrix  interface 
shear  strength,  x,  together  with  the  fibre 
strength  Weibull  parameters,  S0  and  m, 
measured  in  situ  the  composite.  It  should  be 


noted  that  x,  S0,  and  m  are  linked  through  the 
following  equation  [1]: 

rA(m)S0  ^ 

4  <h> 

where  r  is  the  fibre  radius,  <h>  is  the  mean 
fibre  pullout  length,  and  X(m)  is  a  function 
only  of  m. 

The  authors  will  briefly  review  two 
methods  that  may  be  used  to  obtain  x  and 
apply  these  to  a  3-D  woven  SiC/SiC 
composite. 

Review  of  methods  to  obtain  x 

In  situ  fibre  strength  (ISFS)  method 
The  first  method  under  investigation  [1]  may 
be  summarised  as  follows.  The  strength,  S, 
of  individual  fibres  at  the  fracture  surface  of 
a  CMC  specimen  that  failed  under  tensile 
loading  may  be  determined  in  situ  a  scanning 
electron  microscope  (SEM)  by  measuring 
the  fracture  mirror  radius,  rm,  and  using  the 
following  equation: 


where  Am  is  an  empirical  constant  and 
typically  2.5  MPa-m1^  for  amorphous  SiC 
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fibres  [2].  If  a  large  number  of  data  points  is 
collected  than  S  may  be  plotted  against 
cumulative  failure,  F,  such  that  S0  and  m 
may  be  extracted  through  fitting  the  well- 
known  Weibull  equation: 


F  =  1-e 


(3) 


Following  appropriate  correction  factors 
being  applied  to  S0  and  m  [1],  the  value  of  t 
may  be  obtained  using  eqn.  (3)  together  with 
a  value  for  <h>  obtained  using  optical 
microscopy  (OM)  [3]  or  SEM  [4,5].  The 
ISFS  method  is  believed  to  yield  accurate 
data  for  x  due  to  its  assumption  of  multiple 
matrix  cracking  (which  is  known  to  exist  in 
most  CMC  systems).  However,  a  major 
disadvantage  of  this  method  is  the  large 
amount  of  S  data  required  to  obtain  an 
accurate  value  for  S0  and  m,  thus  resulting  in 
a  laborious  and  time  consuming  procedure. 


Fibre  pullout  length  (FPL)  method 
Whereas  the  ISFS  method  required  accurate 
value  of  S0,  m,  and  <h>  be  obtained  in  order 
to  evaluate  x,  the  FPL  method  [6]  is  able  to 
evaluate  t  using  only  the  distribution  of  fibre 
pullout  lengths,  h.  The  distribution  of  h 
values  may  be  obtained  from  analysing  the 
fracture  surface  of  the  CMC  using  either  OM 
[3]  or  SEM  [4,5]  and  then  compared  to  the 
following  equation  [6]: 


0{£}  =  1  -  J[l e-Pdfi  (4) 
with 


X  =  R!(2t)  ^  /?  =  (77E)m+\  S  =  hl(XL) 


and  2  — 


A„S‘t?T(m+\) 


l/(/n+l) 


2m-2 


where  <!>{£,}  is  the  cumulative  failure  in 
nondimensional  form  for  fibre  pullout 


lengths  <h,  T  is  the  maximum  stress  in  the 
fibre  between  crack  surfaces,  and  A0  is  the 
fibre  surface  area.  The  value  of  x  may  be 
obtained  through  iteration  of  t  in  eqn.  (4)  to 
the  experimental  distribution  of  h. 

Although  easier  to  apply  to  CMCs  due  to 
the  need  to  measure  only  the  distribution  of  h, 
the  FPL  method  was  derived  making  the 
assumption  of  a  CMC  containing  only  a 
single  matrix  crack  whereas  CMCs  are 
known  to  generally  exhibit  multiple  matrix 
cracking.  However,  it  will  be  shown  later 
that  qualitative  estimates  of  x  may  still  be 
obtained  from  the  FPL  method  through  use 
of  an  appropriate  correction  factor. 

The  next  part  of  this  work  illustrates  how 
these  two  methods  were  applied  to  a  3-D 
woven  SiC/SiC  composite. 

Experimental  Procedure 

The  initial  CMC  investigated  in  this  work 
comprised  of  surface-modified  Tyranno®  Si- 
Ti-C-0  fibres  woven  into  a  3-D  orthogonal 
configuration.  Matrix  densification  for  the 
composite  was  achieved  through  the  repeated 
polymer  impregnation  and  pyrolysis  of  a 
precursor  similar  to  polytitanocarbosilane 
(PTCS).  Following  machining  to  a  suitable 
test  geometry,  selected  specimens  were 
repeatedly  impregnated  and  sealed  with  a 
glass-based  material  in  order  to  act  as  an 
oxidation  barrier;  specimens  with  no 
oxidation  barrier  were  denoted  “unsealed” 
whilst  those  subject  to  the  oxidation 
protection  treatment  were  denoted  “sealed”. 
Mechanical  testing  of  the  composite  has 
been  detailed  elsewhere  [7]  but  essentially 
comprised  of  uniaxial  tensile  loading  at 
temperatures  between  room  temperature  and 
1380  °C  in  either  vacuum  or  air.  Following 
mechanical  testing,  the  fracture  surfaces  of 
specimens  were  investigated  using  OM  (to 
measure  fibre  pullout  length)  and  SEM  (to 
measure  in  situ  fibre  strength). 
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Results  and  Discussion 

Fig.l  illustrates  in  situ  fibre  strength  curves 
for  the  SiC/SiC  composite  tested  under 
different  conditions  whilst  Table  1 
summarises  results  obtained  using  eqns.  (1) 
-  (3).  Regarding  Table  1,  values  of  x  for  the 
unsealed  composite  tested  in  vacuum  were  in 
the  approximate  range  5~9  MPa  and,  when 
combined  with  the  superior  tensile  strength 
of  these  specimens  (280-400  MPa  [8]), 
indicated  the  necessity  of  low  t  in  this 
composite  system.  In  contrast  to  this,  x  for 
the  unsealed  composite  tested  in  air  was  in 
the  approximate  range  55-60  MPa  and, 
when  combined  with  the  poor  mechanical 
properties  of  these  specimens  (<100  MPa 
[8]),  suggested  the  fibre/matrix  interface  to 
have  been  oxidised.  Finally,  x  for  the  sealed 
composite  tested  in  air  was  similar  that  of  the 
unsealed  composite  tested  in  vacuum, 
indicating  the  glass-based  sealant  to  provide 
excellent  oxidation  protection  for  the  test 
conditions  employed. 

Fibre  pullout  length  distributions  for  the 
composite  have  been  presented  in  Fig.  2. 
Although  not  shown  here  [9],  values  of  x 
obtained  from  eqn.  (4)  were  always 
underestimated  by  a  factor  of  3.43  ±  0.35  [9] 
compared  to  those  obtained  using  the  ISFS 
method,  presumedly  due  to  the  ISFS  method 
assuming  the  presence  of  multiple  matrix 
microcracking  whereas  the  FPL  method 
(erroneously)  assumed  the  presence  of  only  a 
single  matrix  microcrack. 

Table  1  Values 


Fig.  1  In  situ  fibre  strength  curves  for  a 
SiC/SiC  composite:  (a)  unsealed  [4],  and 
(b)  sealed  [5]. 


Taking  into  account  the  “correction 
factor”  of  3.43  ±  0.35  [9],  values  of  x 
qualitatively  estimated  for  SiC/SiC 
composites,  based  on  the  previous  system, 
but  with  different  fibre/matrix  interfaces  and 
matrices  [10]  have  been  presented  in  Table  2. 
It  may  be  seen  that  values  of  x  for  4  out  of 
the  5  specimens  (all  tested  at  room 
temperature)  were  <10  MPa  and  thus  similar 


of  £0,  m,  and  x  obtained  using  the  “in  situ  fibre  strength”  method  for  a 
SiC/SiC  composite  [4,5]. 


Test  condition 

S0 

GPa 

m 

T 

MPa 

Room  temperature 

1200  °C/vacuum 

3.86  (+/-  0.13) 
3.45  (+/-  0.20) 

4.19  (+/- 0.05) 

5.72  (+/-0.10) 

4.94  (+/- 0.16) 
6.27  (+/-  0.35) 

Unsealed 

1300  °C/vacuum 

1100  °C/air 

1200  °C/air 

3.18  (+/- 0.34) 
1.37  {+/-  0.15) 
1.26  (+/- 0.18) 

6.56  (+/-0.11) 

2.91  (+/-0.13) 

2.68  (+/-0.11) 

9.13  (+/-  0.96) 
54.75  (+/-  5.40) 
60.50  (+/-  8.43) 

Sealed 

1000  °C/air 

1200  °C/air 

4.22  {+/-  0.29) 
3.12  {+/- 0.31) 

4.00  {+/-  0.07) 

4.64  (+/-  0.10) 

3.92  {+/-  0.26) 
6.06  (+/-  0.61) 
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to  those  shown  in  Table  1  for  the  original 
composite.  It  would  thus  appear  that  both  the 
ISFS  and  FPL  methods  may  prove  useful  for 
the  estimation  of  x  in  CMCs. 
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Table  2  Estimated  values  of  x  obtained  using  the 

SiC/SiC  composites  with  different  interfaces 


Fibre/matrix  interfa 

ce  shear  strength,  x 

Specimen 

name 

Mean  fibre  pullout  length,  <h> 
(pm) 

Fibre  pullout  method 
(MPa) 

Corrected  value  (MPa) 

ZM-10 

733  ±  34 

1.05 

3.60  ±  0.37 

ZM-20 

991  ±  49 

0.77 

2.64  ±  0.27 

ZM-21 

1484  ±  79 

0.44 

1.51  ±0.15 

ZM-22 

<100 

- 

>50 

ZN-23 

427  ±  33 

2.80 

9.60  ±  0.98 
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Abstract 

A  sintered  SiC  fiber-bonded 
ceramic  was  synthesized  by  hot-pressing  8 
harness  satin  woven  fabrics  of  an  amorphous 
Si-Al-C-0  fiber  at  1850  °C  and  50MPa. 
The  sintered  SiC  fiber-bonded  ceramic 
composed  of  perfectly  close-packed 
structure  of  the  hexagonal  columnar  fibers 
with  a  very  thin  interfacial  carbon  layer 
around  the  fibers.  This  material  showed 
excellent  heat-resistance  up  to  1800°C.  The 
sintered  SiC  fiber-bonded  ceramics  were 
joined  with  mixture  of  |3  -SiC  powder, 
A1203,  B  and  C  by  hot-pressing.  The  initial 
joining  strength  (200MPa)  at  room 
temperature  was  almost  maintained  even  at 
1700°C. 

Key  Words:  Sintered  SiC  fiber-bonded 
ceramic.  Heat  resistance,  Joining,  Bending 
strength 

Introduction 

A  sintered  SiC  fiber-bonded 
ceramic  was  synthesized  by  hot-pressing  an 
amorphous  Si-Al-C-O  fiber  [1-2].  This 
material  showed  a  perfectly  close-packed 
structure  of  the  hexagonal  columnar  fibers 


with  a  very  thin  interfacial  carbon  layer 
around  the  fibers.  The  sintered  SiC  fiber- 
bonded  ceramic  showed  high  fracture  energy 
and  good  bending  strength  up  to  1700^3  . 
This  material  showed  excellent  thermal 
conductivity  up  to  very  high  temperatures 
and  high  thermal  shock  behavior. 

This  material  is  of  considerable 
interest  for  potential  use  in  advanced  gas 
turbine.  By  the  way,  a  flexibility  of  the 
shapes  of  this  material  is  limited  such  as  a 
board  and  cylinder,  because  of  using  hot- 
press  in  the  product  process.  The  engineer 
often  requires  fabrication  of  complex  shaped 
components.  One  attractive  way  of 
achieving  this  is  to  build  up  complex  shapes 
by  joining  geometrically  simple  shapes.  The 
majority  of  the  techniques  used  are  based  on 
the  joining  of  monolithic  ceramics  with 
metals  either  by  diffusion  bonding,  metal 
brazing  or  diffusion  welding  [3-6]. 
Generally,  the  service  temperatures  for  these 
joints  are  below  700°C.  Thus  other  joining 
techniques  are  needed  to  obtain  the  high 
temperature  joints.  Recently,  the  technique 
for  joining  SiC  based  ceramics  by  reaction¬ 
sintering,  powder  sintering,  and  polymer 
pyrolysis  methods  have  been  investigated 
[7-10].  The  joints  using  polymer  pyrolysis 
method  have  lower  strength  due  to  porosity. 
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On  the  other  hand,  the  strength  of  the 
reaction-sintering  joints  decreased  at  high 
temperature. 

In  this  paper,  the  SiC  powder 
sintering  method  for  the  joining  of  sintered 
SiC  fiber-bonded  ceramic  will  be  reported. 
Heat-resistance  of  sintered  SiC  fiber-bonded 
ceramic  is  also  reported.  The  mechanical 
properties  of  the  SiC  powder  sintering  joints 
of  sintered  SiC  fiber-bonded  ceramics  was 
investigated. 


Experiments 


Specimen  preparation 

Eight  harness  satin  woven  fabrics 
with  thickness  of  about  200  fi  m  were 
prepared  with  the  amorphous  Si-Al-C-O 
fiber.  Laminated  materials,  prepared  with 
the  fabrics,  were  hot-pressed  at  1850  °C 
and  50MPa  to  obtain  the  sintered  SiC  fiber- 
bonded  ceramic.  During  the  hot-pressing, 
the  amorphous  Si-Al-C-0  fiber  was 
converted  into  a  sintered  SiC  fiber  by  way  of 
a  decomposition,  which  released  CO  gas. 
And  sintering  process  accompanied  by  a 
morphological  change  from  a  round 
columnar  shape  to  a  hexagonal  columnar 
shape.  The  production  process  of  the 
sintered  SiC  fiber-bonded  ceramic  was 
shown  in  Figure  1. 

Commercially  available  /3  -SiC 
powder  (Betarundum,  Ibiden  LTD.)  was 
used  as  the  starting  powder  of  the  joining 
layer.  The  contents  of  the  additives  were  1 
mass%  A1203,  1  mass%  B,  and  1  mass%  C. 
The  powders  were  ball-milled  with  Si3N4 
balls  in  ethanol  for  24  hours.  The  slurry  was 
dried,  then  the  mixed  powder  were  used  to 
the  following  joining  operation.  The  sintered 
SiC  fiber-bonded  ceramics  were  cut  into 
pieces  of  size  about  8  mm(t)  x  24  mm(W)  * 
20  mm(L).  The  direction  of  the  joining  plane 
normal  was  perpendicular  to  the  piled 
direction  of  the  sintered  SiC  fiber-bonded 
ceramics.  The  mixed  powders  about  0.26g 


Fig.l  Production  process  of  the 
sintered  SiC  fiber-bonded  ceramic. 

were  set  between  the  specimens.  The  joining 
specimen  was  prepared  by  hot-pressing  at 
1800°C,  40MPa  and  for  3hrs.  The  Joining 
specimen  was  shown  in  figure  2. 

measurement 

Scanning  electron  micrograph 
(SEM)  was  obtained  with  a  Hitachi  S-5000 
operating  at  5kV.  Four-point  bending 
strength  was  measured  using  an  Instron 
Model  8562  Testing  Machine  at  room 
temperature  to  1700°C.  Testing  was  done  at 


Sintered  SiC  Fiber- 
bonded  Ceramic 


Fig.2  Appearance  and  dimension 
in  mm  of  the  joining  specimen. 
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a  cross-head  speed  of  0.5mm/min  with  10 
mm  inner  and  30  mm  outer  span.  Specimen 
size  was  3  mm(t)  *  4  mm(W)  x  40  mm(L). 
Bending  bars  were  machined  from  the 
joining  specimen,  with  joints  in  the  middle 
of  the  bending  bars. 

Result  and  Discussion 

The  cross-section  of  the  sintered 
SiC  fiber-bonded  ceramic  was  shown  in 
figure  3  (a).  The  sintered  SiC  fiber-bonded 
ceramic  exhibited  perfectly  close-packed 
structure  of  the  hexagonal-columnar  fibers 
with  a  very  thin  interfacial  carbon  layer. 
Figure  3  (b)  showed  an  SEM  photograph  of 
the  fracture  surface  of  the  sintered  SiC  fiber- 
bonded  ceramic.  Fibrous  fracture  behavior 
and  large  amount  of  pullout  can  be 
confirmed.  It  has  been  found  that  the 
aforementioned  interfacial  carbon  layer 
plays  an  important  role  in  producing  the 
fibrous  fracture  behavior  with  large  fracture 
energy. 


Fig.3  (a)  Cross-section  of  the 
sintered  SiC  fiber-bonded  ceramic, 
(b)  fracture  surface  of  the  sintered 
SiC  fiber-bonded  ceramic. 
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Fig.4  Heat-resistance  of  the  Sintered  SiC 
fiber-bonded  ceramic. 


Fig.5  Microstructure  of  the  sintered  SiC 
fiber-bonded  ceramics  and  180  p  m 
sintered  SiC  joint. 


Figure  4  showed  the  heat-resistance 
of  the  sintered  SiC  fiber-bonded  ceramic. 
The  initial  strength  was  preserved  after  heat- 
treatment  at  1800°C  for  3hours  in  Ar.  In  this 
case,  the  fibrous  fracture  behavior  was 
preserved  under  the  above  heat-treatment 
condition.  However,  the  strength  of  this 
material  was  reduced  to  200MPa  by  heating 
in  Ar  for  3hours  at  1850°C.  And  fracture 
behavior  showed  brittle  fracture  pattern. 
With  increasing  heat-treatment  temperature, 
the  grain  size  of  SiC  increased.  In  the  case 
of  the  heat-treatment  at  1850  °C  ,  the 
interfacial  carbon  layer  partially  can  not  be 
detected,  which  caused  by  the  SiC  grain 
growth  between  the  adjacent  fibers.  Because 
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Temperature  /  °C 

Fig.6  Temperature  dependence  of  4-point 
bending  strength  for  the  sintered  SiC 
fiber-bonded  ceramic  containing  joints. 

of  these  properties,  the  temperature  under 
1800°C  was  employed  for  the  joining. 
Figure  5  showed  the  microstructure  of  the 
sintered  SiC  fiber-bonded  ceramic  and  SiC 
sintered  joints.  The  thickness  of  the  joint 
was  180jum.  The  joining  layer  consists  of 
the  dense  SiC-crystalline  without  any  voids 
and  clacks. 

The  room  and  high  temperature 
bending  strength  of  the  sintered  SiC  fiber- 
bonded  ceramic  was  determined  and 
compared  to  the  strength  of  the  jointed 
material  by  four-point  bending  tests.  The 
room-temperature  strength  (280MPa)  of  the 
sintered  SiC  fiber-bonded  ceramic  was 
perfectly  maintained  up  to  1700°C.  Figure  6 
shows  the  temperature  dependence  of  the 
bending  strength  for  the  sintered  SiC  fiber- 
bonded  ceramic  containing  joints.  The 
bending  strength  values  of  joined  material  at 
room  temperature  and  1700°C  were  209.2 
±  45  and  190.8  ±  15  MPa,  respectively. 
These  bending  strength  values  were 
comparable  to  those  of  bulk  materials.  In  the 
bending  specimens  containing  joints, 
fracture  always  occurred  in  around  the  bulk 
material/joint  interface  and  propagated  to 
the  joint. 

Conclusion 

The  sintered  SiC  fiber-bonded 
ceramic  composed  of  perfectly  close-packed 


structure  of  the  hexagonal  columnar  fibers 
with  a  very  thin  interfacial  carbon  layer 
around  the  fibers.  This  material  was  shown 
excellent  heat-resistance  up  to  1800°C.  The 
SiC  sintering  method  for  the  jointing  of  the 
sintered  SiC  fiber-bonded  ceramic  has  been 
developed.  The  initial  joining  strength 
(200MPa)  at  room  temperature  was  almost 
maintained  even  at  1700°C. 
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Abstract 

The  tensile  creep  behaviors  of  an 
orthogonal  3-D  woven  Si-Zr-C-0  (Tyranno 
™  ZMI)  fiber  /  Si-Ti-C-0  matrix  composite 
(CMC)  were  investigated  in  air  at  1573-1723K. 
For  stresses  between  60  and  140MPa,  the  creep 
rate  decreased  continuously  with  time,  with 
no  apparent  steady-state  regime  observed  at 
1573-1723K.  Under  the  test  conditions,  the 
microstructure  of  Tyranno™  ZMI  fiber  and 
Si-Ti-C-0  matrix  was  unstable,  resulting  in 
weight  loss  and  SiC  grain  growth.  As  a  result, 
the  viscosity  of  the  fiber  and  matrix  increased 
because  the  increase  in  viscosity  caused  a 
continuously  decreasing  creep  rate,  which 
made  steady-state  creep  impossible  under 
these  conditions. 

Key  Words:  Ceramic  Matrix  Composite, 
Creep  deformation,  Thermal  stability 

Introduction 

Tyranno™  fiber  (UBE  Industries  Ltd., 
Japan)  is  a  kind  of  silicon  carbide  fibers 


derived  from  organic  silicate  polymer  which 
includes  Ti  or  Zr  as  a  second  metallic 
element  and  has  good  oxidation  resistance 
compared  to  carbon  fibers. 

In  the  present  work,  tensile  creep  behavior 
of  an  orthogonal  3-D  woven  Tyranno™  ZMI 
fiber  (Si  56%,  Zr  1%,  C  34%,  0  9%)  /  BN 
interface  /  Si-Ti-C-0  matrix  composites  was 
investigated  at  1573-1723K  in  air.  The 
influence  of  the  thermal  stability  of  the 
composite  on  creep  behavior  was  also 
studied. 

Material  and  Method 

Tyranno™  ZMI  fiber  bundles 
containing  1600  fibers  with  BN  coating  were 
woven  into  an  orthogonal  3-D  configuration 
with  fiber  volume  fraction  of  0.17,  0.17,  and 
0.02  in  the  x,  y,  and  z  directions,  respectively. 
The  thickness  of  BN  interphase  was 
approximately  0.5p.m.  Polytitanocarbosilane 
was  used  as  the  matrix  precursor  with 
repeated  impregnation  and  pyrolysis  cycles 
until  satisfactory  densification  was  achieved. 
Specimens  had  30mm  in  gauge  length,  4mm 
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in  thickness,  4.6mm  in  width,  and  110mm  in 
the  overall  length. 

Creep  testing  was  conducted  on  a  servo- 
hydraulic  testing  system  (Model  8501, 
Instron,  USA)  at  1573K,  1673K,  and  1723K 
in  air.  A  high  temperature  furnace  and  a 
contact-type  extensometer  (gauge  length 
12.5  mm,  Model  2632,  Instron,  USA)  were 
used  for  this  experiment.  The  initial  loading 
rate  for  creep  testing  was  1.0  MPa/s.  The 
creep  tests  were  performed  under  constant 
load. 

The  rate  of  pyrolysis  was  measured  with  a 
thermogravimetric  analyzer  (TGA)  (STA- 
449C,  NETZSCH-Geratebau,  Germany)  at 
1673K,  1723K  and  1773K  under  argon  gas 
flow  condition.  X-ray  diffraction  (XRD) 
analysis  was  conducted  using  a  Cu-Ka 
radiation  under  conditions  of  40kV  and 
200mA  with  an  X-ray  diffractometer  (Model 
RINT2500,  Rigaku,  Japan)  in  order  to  evaluate 
crystallization  behavior  of  the  composite. 

Experimental  Result  and  Discussion 

Creep  deformation  behavior 
Tensile  creep  curves  (creep  strain  versus 
time)  at  1673K  are  shown  in  Fig.l.  For  creep 
stresses  between  60  and  120MPa,  the  creep 
rate  decreases  continuously  with  time,  with 
no  apparent  steady-state  regime  observed. 

In  many  cases,  steady  state  creep  rate, 
e  crjs ,  under  applied  creep  stress,  ac  ,  is 
represented  by  the  power-law  creep  equation 
as  follows: 

£cr_s=A°"c™P{-Q/RT}  (!) 


Fig.l  Tensile  creep  strain  versus  time  in  air  at  1673K. 


where  A  is  the  dimensionless  constant,  n  is 
the  stress  exponent,  Q  is  the  apparent 
activation  energy,  R  is  the  universal  gas 
constant  (8.315J/mol),  and  T  is  absolute 
temperature.  In  this  paper,  similar 
relationship  was  applied  for  creep  strain  rate 
at  creep  time,  t : 

ecr  =  Atpa"  exp\-Q/RT }  (2) 

where  p  is  a  constant.  The  stress  dependence 
of  tensile  creep  rate  at  creep  time  of  lx  103, 
5x  103,  lx  104,  2x  104,  and  5x  104  sec.  is 
shown  in  Fig.2  at  temperature  of  1673K.  The 
stress  exponents,  n,  which  was  determined 
from  a  linear-regression  analysis  of  the 
logec  -versus-logcXc  plot,  are  approximately 
1.2  for  each  creep  time  stage,  and  correspond 
to  a  Newtonian-type  viscous  flow  (n=l). 
Although  it  should  be  noticed  that  the  creep 
rate  in  Fig.2  was  not  steady  state,  these  stress 
exponents  are  similar  to  that  found  for  the 
creep  of  Nicalon™  (Si-C-O)  fibers, 
indicating  that  the  creep  rate  of  the  composite 
was  controlled  by  fiber  creep[l]. 


Fig.2  Creep  strain  rate  versus  stress  in  air  at  1673K. 

The  apparent  activation  energy,  determined 
from  a  plot  of  the  loge^-versus-7/T  plot  in 
Fig.3  for  applied  stress  of  80MPa,  is 
approximately  190kJ/mol.  This  value  is 
similar  to  the  activation  energy  of  steady 
state  creep  found  in  Nicalon™  /  C-interphase 
/  CVl-SiC  composites  [2].  The  time  exponents, 
p,  determined  from  the  logec  -versus-  log? 
plot  shown  in  Fig.4  for  temperature  of  1673K, 
is  almost  constant  to  be  -0.8  up  to  105  sec. 
The  calculated  curves  using  Eq.(2)  with 
n=1.2,  /?=0.8,  0=190  (kJ/mol),  >4=1.18  are 
superimposed  on  Fig.2,  Fig.3  and  Fig.4.  The 
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parameter  A  is  applied  for  stress  in 
megapascals,  time  in  seconds,  and 
temperature  in  Kelvin.  Comparison  of  the 
predicted  and  measured  values  indicates 
good  agreement  by  this  simple  relation. 
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Fig.3  Creep  strain  rate  versus  reciprocal  of 
absolute  temperature  in  air  at  80MPa. 


Fig.4  Creep  strain  rate  versus  time  in  air  at  1673K. 


The  pyrolysis  and  crystallization  behavior 
of  the  composite 

The  TGA  results  are  shown  in  Fig.5,  where 
AW  and  Wo  are  the  weight-loss  and  the  initial 
weight  of  the  composite,  respectively.  It  was 
obviously  observed  that  the  weight  decreased 
with  exposure  time.  The  weight  loss  almost 
saturates  at  1773K  for  20  hour. 

It  was  reported  that  the  pyrolytic  rate  of  the 
Tyranno™*  fibers  can  be  analyzed  by  means 
of  Avrami-  Erofeev  equation  as  fo!lows[3]: 

-ln(l-X)  =  k‘tm  (3) 

where  k  and  m  are  the  rate  constant  and  the 
rate  exponent,  and  X  is  the  pyrolysis  ratio  as 
follows: 


Fig.5  Weight  loss  curves  of  the  ZMI  /  Si-Ti-C-O 
composite  at  various  temperatures. 


X  =  AWt  I  AW f  (4) 

where  AW,  and  AW/  are  the  weight-change  at 
time  t,  and  the  saturated  weight  loss, 
respectively.  Following  equation  is  obtained 
when  the  logarithm  of  both  sides  of  the 
Eq.(3)  is  taken: 

ln|-ln(l-Ar)}  =  ln/:+wlnf  (5) 

Fig.6  shows  the  application  of  Ep.(5)  to  data 
tested  for  5hour.  The  exponent,  m,  determined 
from  the  mean  value  of  the  slope  of  the 
ln{-ln(l-JY)}  -versus-  In/  plot  shown  in  Fig.6,  is 
approximately  1.  The  apparent  activation  energy 
for  the  pyrolysis,  found  from  the  Arrhenius 
plots  for  the  rate  constants  k  determined  from 
the  y-intercept  of  the  ln{-ln(l-2Q}-  versus-ln/ 
plot  shown  in  Fig.6,  is  173kJ/mol. 

Fig.7  shows  the  decomposition  curves  of 
the  composite  during  the  creep  time 
calculated  by  Eq.(3). 


Fig.6  Application  of  Avrami-Erofeev  equation  to 
experimental  results. 
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Fig.7  Decomposition  curves  of  the  ZMI  /  Si-Ti-C-O 
composite  calculated  by  equation  (3). 

At  1673K  and  1573K,  the  pyrolysis  ratio  does 
not  saturate,  which  suggests  the  composite  is 
not  chemically  stable  during  thecreep  test 
condition. 

Fig.8  shows  the  X-ray  diffraction  patterns 
from  the  composite  surface  heated  at  1723K. 
The  diffraction  peak  intensities  derived  from 
silicon  carbide  increased  with  time.  A  full 
width  of  half  maximum  intensity  (FWHM)  of 
diffraction  peaks  was  evaluated  for  peak 
angle  from  the  111  reflection  of  (3-SiC.  Using 
the  determined  FWHM,  the  apparent 
crystallite  size  was  estimated  using  the 
Scherrer’s  relationship: 

D=kA/wcos0  (6) 

where  A,  6,  w  and  k  indicate  the  wavelength 
of  Cu-Ka  radiation,  the  Bragg  angle  of  the 
111  reflection,  the  half-width  (FWHM) 
corrected  a  mechanical  broadening  width  (20 
=  0.160°  ),  and  the  Scherrer’s  constant(=0.9), 
respectively.  Fig.9  shows  SiC  crystallite 
sizes  as  a  function  of  time  at  1723,  1673K. 


Cu-Ka  ,  20  ,  deg 


Fig.8  X-ray  diffraction  patterns  from  ZMI  / 
Si-Ti-C-O  composite  surfaces  heated  at  1723K. 


Crystallite  size  increased  with  time,  which 
indicates  that  SiC  grain  growth  occurred 
during  creep  testing. 

As  a  result,  the  viscosity  of  the  fiber  and 
matrix  increased.  This  caused  a  continuously 
decreasing  creep  rate  and  made  steady-state 
creep  impossible. 
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Fig.9  SiC  crystallite  size  as  a  function  of 
exposure  time  at  1723, 1673K. 


Conclusions 

The  tensile  creep  behavior  of  a  3-D 
woven  Tyranno™  ZMI  fiber  /  BN  interface  / 
Si-Ti-C-O  matrix  composite  at  1573-1723K 
in  air  and  the  influence  of  the  thermal 
stability  of  the  composite  on  creep  behavior 
were  investigated.  The  following  conclusions 
were  made: 

(1)  No  apparent  steady-state  creep  regime 
observed  in  this  creep  test  condition. 
Transient  creep  behavior  of  the 
composite  is  represented  by  the  simple 
power-law. 

(2)  Under  the  test  conditions,  the 
microstructure  of  the  composite  is 
unstable,  resulting  in  weight  loss  and  SiC 
grain  growth,  which  made  steady-  state 
creep  impossible  under  the  condition. 
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Abstract 

The  distribution  of  fibre/matrix  interface 
shear  strength,  x,  within  a  single  fibre  bundle 
was  investigated  for  a  3-D  woven  SiC/SiC 
composite  tested  at  1100  °C  in  air.  The  mean 
fibre  pullout  length,  <h>,  varied  between 
zero  at  the  bundle  perimeter  to  59  pm  at  the 
centre.  The  lowest  value  of  x  was  60.2  MPa 
at  the  centre  but  this  increased  significantly 
towards  the  fibre  bundle  perimeter  and 
reached  values  in  excess  of  2  GPa.  Such  a 
wide  variation  in  x  within  a  single  fibre 
bundle  had  not  been  observed  by  previous 
researchers,  most  likely  due  to  the  lack  of  x 
data  for  composites  with  short  fibre  pullout 
lengths. 

Key  Words:  interface  shear  strength, 
SiC/SiC,  fibre  bundle,  fibre  pullout. 

Introduction 

The  mechanical  properties  of  ceramic 
matrix  composites  (CMCs)  are  known  to 
mainly  depend  on  the  fibre/matrix  interface 
shear  strength,  x,  together  with  the  Weibull 
parameters,  S0  and  m,  of  the  fibre  strength 
measured  in  situ  the  composite  [1].  Highest 
tensile  strength,  o,  for  SiC/SiC  CMCs  have 


generally  been  achieved  using  low  values  of 
x  (typically  <10  MPa)  with  subsequent  large 
fibre  pullout  lengths  [2-4].  These  low  values 
of  x  require  the  use  of  fibre/matrix  interfaces 
based  on  layered  materials  such  as  pyrolytic 
carbon  (py-C)  and  boron  nitride  (BN). 
However,  one  major  problem  with  both  py-C 
and  BN  is  their  extreme  oxygen  sensitivity 
above  500  °C.  Oxidation  of  the  fibre/matrix 
interface  may  increase  x  to  such  an  extent 
that  crack  deflection  mechanisms  at  the 
fibre/matrix  interface  are  suppressed,  leading 
to  brittle  failure  of  the  composite  and  poor 
mechanical  properties.  Although  the 
oxidation  damage  within  CMCs  has  been 
examined  by  several  authors  [5,6],  the  data 
obtained  has  generally  been  qualitative  in 
nature.  In  the  present  work  the  authors  aim 
to  examine  the  distribution  of  x  within  a 
single  fibre  bundle  for  a  SiC/SiC  composite. 

Experimental  Procedure 

The  CMC  under  investigation  was 
comprised  of  surface-modified  Tyranno® 
LoxM  Si-Ti-C-0  fibres  (800  fibres  per 
bundle)  woven  into  a  3-D  orthogonal 
configuration.  Matrix  densification  of  the 
composite  was  achieved  through  the  repeated 
polymer  impregnation  and  pyrolysis  of  a 


577 


precursor  similar  to  polytitanocarbosilane. 
This  composite  system  has  been  the  subject 
of  recent  work  by  the  authors  [2-4,  7,  8]. 

Following  machining  to  a  suitable  test 
geometry,  the  composite  was  heated  in  air  to 
1 100  °C  at  0.75  "Os"1  and  then  loaded  under 
tension  to  failure;  the  total  time  spent  at  1100 
°C  being  on  the  order  of  several  minutes. 
The  composite  fracture  surface  was  then 
investigated  using  a  scanning  electron 
microscope  (SEM)  and  the  following 
parameters  measured  for  each  fibre  within  a 
single  randomly  chosen  fibre  bundle  towards 
the  centre  of  the  specimen;  (i)  x  position,  (ii) 
y  position,  (iii)  fibre  pullout  length,  h,  and 
(iv)  whether  the  fibre  exhibited  a  fracture 
mirror.  A  total  of  698  fibres  (out  of  the  800 
expected  within  a  single  fibre  bundle)  could 
be  measured  due  to  the  shielding  of  fibres  by 
their  neighbours  and  the  presence  of  holes 
where  fibres  had  pulled  out;  these 
phenomena  being  especially  prevalent  for 
fibres  with  large  pullout  lengths. 

In  the  present  work,  t  was  estimated 
within  different  zones  of  the  fibre  bundle 
using  the  following  equation  [1]: 

_  rX{m)Sa 
r  4  <h> 

where  r  is  the  fibre  radius,  <h>  is  the  mean 
fibre  pullout  length,  and  X(m)  is  a  function 
only  of  m.  Values  of  2.47  GPa  and  2.91  were 
used  for  S0  and  m,  respectively,  based  on 
previous  work  by  the  authors  [3].  Strictly 
speaking,  Sa  and  m  would  also  be  expected 
to  vary  according  to  the  extent  of  oxidation 
damage  but,  as  shown  later,  any  change  in  S0 
and  m  would  most  likely  be  insignificant 
compared  to  the  change  in  t.  The  value  of 
<h>  in  Eqn.  1  was  calculated  using 
individual  h  data  whilst  r  and  X(m)  were  4.03 
pm  [4]  and  1.43,  respectively. 

Results  and  Discussion 

Fig.  1(a)  illustrates  the  positional 
dependence  of  fibre  pullout  length  within  the 
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Fig.  1  Positional  dependence  of  properties 
within  a  single  fibre  bundle:  (a)  fibre 
pullout  length,  and  (b)  existence  of  flat 
surface  or  fracture  mirror.  Note  that  fibre 
pullout  lengths  in  (a)  have  been  shown 
using  a  logarithmic  scale. 

single  fibre  bundle.  It  can  be  clearly  seen  that 
the  majority  of  fibres  within  the  bundle 
exhibited  either  zero  or  negligible  fibre 
pullout  which  are  generally  indicative  of 
brittle  failure,  i.e.,  suppression  of  crack 
deflection  mechanisms  at  the  fibre/matrix 
interface  due  to  t  being  excessively  high. 
This  conclusion  was  confirmed  in  Fig.  1(b) 
that  illustrates  the  vast  majority  of  fibres 
with  low  h  values  to  have  also  exhibited  a 
flat  fracture  surface;  as  opposed  to  a  fracture 
mirror  that  typically  occurs  when  crack 
deflection  mechanisms  are  present.  Nearly 
all  the  fibres  with  higher  h  values  and 
fracture  mirrors  were  concentrated  towards 
the  centre  of  the  fibre  bundle,  thus 
suggesting  the  oxidation  damage  to  have 
been  concentrated  at  the  perimeter.  Such  a 
result  would  indicate  the  oxygen  to  have 
entered  the  fibre  bundle  from  the  perimeter. 

Even  though  the  fibres  towards  the  centre 
of  the  bundle  exhibited  the  largest  h  values, 
these  h  values  were  still  considerable  smaller 
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compared  to  those  measured  for  specimens 
tested  at  room  temperature  or  in  vacuum,  i.e., 
in  the  absence  of  oxidation  damage.  Figure  2 
compares  fibre  pullout  length  distributions 
for  the  composite  tested  under  a  variety  of 
conditions  [3]  with  <h>  being  BIO  pm  for 
the  specimen  tested  at  room  temperature 
compared  to  70  pm  for  the  specimen  under 
investigation  (1100  °C/air).  This  data  would 
suggest  that  even  the  fibres  with  largest  h 
values  in  the  present  specimen  possessed 
substantially  oxidised  fibre/matrix  interfaces. 

As  mentioned  earlier,  for  the  calculation 
of  t  to  be  shown  later,  it  was  assumed  that  SQ 
and  m  were  constant  within  the  fibre  bundle. 
However,  it  can  be  seen  from  Fig.  3(b)  that 
S0  and  m  were  in  fact  considerable  different 
at  the  centre  and  perimeter  of  the  fibre 
bundle  with  S0  and  m  at  the  bundle  perimeter 
being  lower  and  higher,  respectively, 
compared  to  fibres  near  the  bundle  centre. 
This  result  compares  greatly  with  the 
specimen  tested  at  room  temperature  (Fig. 
3(a))  which  shows  no  difference  between  SQ 
and  m  (and  hence,  most  probably  <h>  and  x) 
for  the  two  regions. 

The  next  step  was  to  investigate  the 
variation  of  properties  along  the 
(symmetrical)  minor  axis  of  the  fibre  bundle 
from  the  perimeter  to  the  centre.  Essentially, 
the  data  in  Fig.  1  was  divided  into  horizontal 
strips  and  the  data  averaged  for  each  strip. 


Fig.  2  Fibre  pullout  length  distributions 
for  a  SiC/SiC  composite  tested  under 
various  conditions  (31. 


Fig.  3  Fibre  strength  distributions 
measured  in  situ  a  SiC/SiC  composite:  (a) 
room  temperature,  and  (b)  1100  °C  in  air. 
“Centre”  and  “Edge”  refer  to  the  general 
position  within  the  fibre  bundle  where  the 
measurements  were  taken. 

The  result  of  this  procedure  has  been 
presented  in  Fig.  4  with  the  fraction  of  fibres 
exhibiting  fracture  mirrors  (Fig.  4(b))  being 
again  seen  to  closely  correlate  with  <h>  (Fig. 
4(a)).  The  values  of  <h>  varied  between 
zero  at  the  perimeter  to  59  pm  at  the  centre 
whilst  the  lowest  non-zero  value  of  <h>  was 
1.7  pm  at  approximately  15  pm  from  the 
bundle  perimeter.  It  can  be  seen  from  Eqn.  1 
that  x  is  inversely  proportional  to  <h>  which 
suggests  the  ratio  of  x  between  the  centre  and 
perimeter  of  the  fibre  bundle  to  be 
approximately  35  at  the  lowest  non-zero 
<h>  region  (i.e.,  59/1.7);  the  value  at  the 
perimeter  of  the  bundle  where  <h>  was  zero 
being  necessarily  greater  than  35. 

Values  of  x  obtained  from  Eqn.  1  have 
been  presented  in  Fig.  5  as  a  function  of  the 
distance  from  the  fibre  bundle  perimeter.  The 
lowest  value  of  x  obtained  was  60.2  MPa  at 
the  centre  of  the  fibre  bundle  and  this  value 
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agreed  closely  with  the  value  of  54.75  MPa 
obtained  previously  [3]  for  the  centre  of  a 
fibre  bundle  tested  under  similar  conditions. 

The  value  of  x  increased  gradually  away 
from  the  bundle  centre  to  reach  1 28  MPa  at  a 
distance  of  39  pm  from  the  bundle  perimeter 
but  then  increased  significantly  to  reach  >2 
GPa  for  the  smallest  non-zero  <h>  region. 
Such  high  values  of  x  have  not  previously 
been  noted  in  SiC/SiC  composites  and  are 
probably  due  to  the  fact  that  x  has  not  been 
measured  within  composites  exhibiting  very 
small  h  values. 

In  conclusion,  the  present  work  appears  to 
show  a  very  wide  range  of  x  values  to  exist 
within  a  single  fibre  bundle  that  was  partially 
oxidised  at  1100  °C  in  air.  In  future  work  the 
authors  will  aim  to  refine  this  technique  in 
order  to  obtain  more  accurate  values  for  x. 


Fig.  4  Distribution  of  fibre  properties 
along  the  minor  axis  within  a  single  fibre 
bundle:  (a)  mean  fibre  pullout  length,  and 
(b)  fraction  of  fibres  exhibiting  fracture 
mirrors. 
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Distance  from  fibre  bundle  perimeter  (pm) 

Fig.  5  Distribution  of  fibre/matrix 
interface  shear  strength  along  the  minor 
axis  within  a  single  fibre  bundle. 
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Abstract 

In  this  work,  torsional  rigidities  of 
beam  specimens  with  rectangular  cross 
section  were  measured  in  torsional  tests  to 
estimate  shear  moduli  of  an  orthogonal  3-D 
woven  ceramic  matrix  composite  (CMC). 
The  in-plane  shear  modulus  estimated  from 
torsional  tests  almost  corresponded  with  the 
values  obtained  by  tensile  tests  of  ±45° 
specimens.  The  shear  moduli  were 
calculated  by  the  finite  element  analysis 
based  on  the  homogenization  method.  By 
assuming  the  suitable  macroscopic  elastic 
modulus  of  the  matrix,  the  analytical  results 
were  in  good  agreement  to  the  experimental 
results. 

Introduction 

Many  studies  about  nonlinear  stress- 
strain  behavior  of  ceramic  matrix 
composites  (CMCs)  have  been  made  [1,  2], 
There  were  a  few  studies  focusing  on 
reduction  of  shear  modulus  under  tensile 
loading  [3],  however,  no  study  for  3-D 
woven  CMCs.  In  this  work,  torsional  tests 
for  beam  specimens  with  rectangular  cross 
section  were  conducted  to  estimate  shear 
modulus  of  an  orthogonal  3-D  woven  CMC. 
The  experimental  results  were  compared 
with  the  results  measured  in  tensile  tests  of 
±45°  specimens  and  numerical  results  by 


the  finite  element  analysis  based  on  the 
homogenization  method. 

Experimental  Procedure 

Material  Description 

The  material  under  investigation  was  an 
orthogonal  3-D  woven  ceramic  matrix 
composite  [4].  Tyranno™  Lox-M  (Si-Ti-C- 
O)  fiber  was  used  for  reinforcement,  and 
Si-Ti-C-0  matrix  was  impregnated  into  the 
fiber  preform  by  using  a  polymer 
impregnation  and  pyrolysis  (PIP)  processing. 
Fiber  volume  fractions  in  the  x,  y,  and  z 
directions  were  19%,  19%,  and  2%, 
respectively. 

Tensile  Tests 

In  order  to  measure  the  initial  elastic  moduli 
of  this  composite,  tensile  tests  were 
performed  for  0/90  and  ±45°  orientations 
under  the  constant  displacement  rate  of  0.1 
mm/min.  For  ±  45°  orientations,  three 
specimens  were  evaluated  to  investigate  the 
scattering  of  the  results.  Specimen 
configuration  and  dimensions  are  shown  in 
Fig.  1(a).  Strain  gages  were  used  to  measure 
the  longitudinal  and  transverse  strains. 

Torsional  Tests 

Figure  2  shows  the  schematic  configuration 
of  the  torsional  test.  By  using  an  optical 
lever,  two  twist  angles  0a  and  Qb  at 
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Fig.  1  Dimensions  of  Specimens  used 
for  Tensile  and  Torsinal  Tests 

points  a  and  b  are  measured  as  a 
function  of  torque  ( Mt  =  F  X  be).  The 
separation  between  two  points  was  50mm. 
Load  was  applied  with  dead  weight.  When 
torsion  angle  per  unit  length,  ft),  is  given 
from  ft)  =  (6 a  —6b)/ 1 ,  torsional  rigidity  of 
the  specimen  is  obtained  with  Af, /ft).  The 
torsional  tests  were  conducted  for  the 
specimens  with  two  different  cross  sections 
as  shown  in  Fig.  1(b)  Type  A  and  Type  B. 

Results  and  Discussion 

Tensile  Tests 

The  experimental  results  on  initial  elastic 
moduli  are  listed  in  Table  1.  Figure  3  and  4 
show  stress-strain  curves  for  No.l  and  No.3. 
In-plane  shear  modulus  Gxy  was  obtained 
from  the  following  equation 

Gxy  —  E 45  /{2(1  +  V45 )}  (1) 

where  E45  and  V45  are  Young's  modulus 
and  Poisson's  ratio  in  45°  direction, 
respectively.  The  obtained  shear  moduli 
( Gxy )  are  46,  49  and  50GPa.  The  average  is 
48.3GPa  and  its  standard  deviation  is 
2.1GPa.  The  matrix  elastic  moduli  of  the 
CMC  seem  to  be  similar  to  those  of  fiber  [2]. 
Therefore  the  composite  behaves  almost 
isotropically  in  linear  elastic  region. 
However,  once  matrix  begins  to  crack, 


Fig.  2  Schematic  Illustration  of  the 
Torsional  Test 

stress-strain  behavior  in  the  ±45°  specimen 
is  far  different  from  that  in  the  0/90 
specimen  is  observed.  In  the  0/90  specimen, 
after  the  matrix  crack  saturation  at  0.7%  of 
strain,  the  applied  load  is  carried  almost  only 
by  the  fibers.  Consequently  the  stress-strain 
curve  shows  a  nearly  linear  behavior  until  its 
failure.  On  the  other  hand,  in  the  ±45° 
specimen,  as  the  matrix  cracks  grow,  the 
matrix  cannot  effectively  carry  the  load 
because  the  crossed  fibers  deform  like  a 
pantograph.  Finally,  when  the  longitudinal 
strain  reaches  2.3%,  the  transverse  strain  is 
approximately  1.0%. 

Table  1  Results  of  the  Tensile  Tests 


No. 

Orientations 

E  (GPa) 

Gn  (GPa) 

1 

0/90 

125 

- 

2 

±45° 

112 

46 

3 

±45° 

120 

50 

4 

±45° 

118 

49 

Torsional  Test 

Torsional  rigidity  of  a  beam  with  rectangular 
cross  section  is  obtained  from  the  following 
equations  [5] 
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Strain  (%) 

Fig.  3  Stress-Strain  Curve  in  Uniaxial 
Tension  parallel  to  the  Fiber  (0/90,  No.l) 


Shear  Modulus,  Gxy  (GPa) 
Fig.  5  Estimation  of  Shear  Moduli 
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Fig.  4  Stress-Strain  Curve  in  Uniaxial 
Tension  at  Angle  45°  to  the  Fibers  (No.3) 


(2a) 

— tanh— ^ 

(2b) 

kit  2c  J 

(2c) 

where,  b,  and  ht  are  the  width  and  height  of 
the  specimen,  respectively.  By  substituting 
experimental  values  of  M,/a),  bt  and  ht 


into  Eqs.(2),  a  curve  on  Ga-Gxy  plane  can  be 
described.  The  intersection  point  of  two 
curves  obtained  from  two  different  cross 
section  specimens  gives  the  solution  of  G ^ 
and  G^.  In  Fig.  5,  the  solid  line  shows  the 
result  of  Type  A;  Mt/(o  =8.48Nm2,  bt 
=9. 0mm  and  ht=A.5mm,  and  the  dotted  line 
shows  the  result  of  Type  B;M,/co  =4.33Nm2, 
Z>r=6.0mm  and  Ar=4.5mm.  Then  the 
intersection  point  of  these  curves  determines 
shear  moduli  of  this  material  as  G^= 45GPa 
and  Gzx= 36GPa.  Taking  the  scattering  of  the 
experimental  results  in  the  tensile  tests  into 
consideration,  the  estimated  shear  modulus 
(G^,=45GPa)  seems  to  be  reasonable. 

Calculation  of  Shear  Modulus  by  FEM 
An  orthogonal  3-D  woven  composite  can  be 
regarded  as  three-dimensional  periodic 
structure  of  base  cell  which  is  the  smallest 
unit  structure.  Macroscopic  elastic  modului 
of  periodic  nonhomogeneous  material  such 
as  these  composites  can  be  calculated  by 
FEM  based  on  homogenization  method  [6]. 
The  base  cell  model  of  this  CMC  is  shown 
in  Fig.  6.  Dimensions  of  fiber  bundles  were 
measured  by  microscopic  observation. 
Young's  modulus  of  fiber  is  187GPa  and, 
Poisson's  ratios  of  fiber  and  matrix  are 
assumed  to  be  0.2.  It  is  impossible  to 
determine  Young's  modulus  of  matrix 
directly,  which  contains  micro  voids. 
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Therefore,  the  elastic  modulus  of  matrix  was 
estimated  by  parametric  study  using  FEM 
Analysis. 

The  numerical  results  are  indicated  in 
Fig.  7.  Using  the  value  £*=125GPa  from  the 
tensile  test,  Young's  modulus  of  the  matrix  is 
estimated  as  150GPa.  Then  shear  moduli  Gxy 
and  Gzx  are  48.5GPa  and  34.3GPa, 
respectively.  Comparing  with  the  results  of 
tensile  and  torsional  tests,  the  analytical 
results  obtained  by  FEM  are  in  good 
agreement  with  the  experimental  results. 

Conclusion 

Shear  moduli  Gxy  and  G ^  were 
estimated  by  means  of  torsional  tests  of 
specimens  with  two  different  rectangular 
cross  sections.  Comparing  estimated  shear 
modulus  Gxy  from  tensile  test  of  ±  45° 
specimen,  it  was  proved  that  the  torsional 
test  was  an  effective  method  to  estimate 
shear  modulus.  Shear  moduli  were 
calculated  by  FEM  based  on 
homogenization  method.  A  good 
correspondence  between  the  analytical 
results  and  the  experimental  data  was 
obtained,  and  the  validity  of  the  analytical 
model  was  demonstrated. 

In  this  work,  only  the  initial  shear 
moduli  were  obtained  from  the  torsional 
rigidities.  In  the  future  work,  by  using  the 
torsional  tests  for  specimens  with  matrix 
cracks  due  to  tensile  tests  in  advance,  the 


Young's  Modulus  of  Matrix,  En  (GPa) 

Fig.  7  Equivalent  Elastic  Moduli  of  the 
Composite  estimated  by  the 
Homogenization  Method  as  a  Function  of 
Matrix  Young's  Modulus 

reduction  of  shear  modulus  under  tensile 
loading  will  be  evaluated. 
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Fig.  6  FEM  Model  of  Base  Cell 
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Abstract 

The  thermal  shock  fracture 
behavior  in  ceramic  materials  was 
characterized  by  Disk-on-Rod  tests.  The 
central  region  of  heated  specimen  was 
quenched  by  means  of  contacting  with  a 
cool  metal  rod.  AE  signals  during  thermal 
shock  fracture  were  detected  by  an  AE 
transducer  attached  on  the  opposite  end  of 
metal  rod.  The  transient  thermal  stress 
field  was  calculated  by  FEM  from 
temperature  distribution  on  the  specimen 
measured  by  a  high  speed  IR  camera  (30 
frames/s).  The  formation  and  arrest  of 
maincrack  was  observed  at  the  center  of  the 
specimen.  It  is  important  that  the  critical 
stress  for  maincrack  formation  during 
thermal  shock  fracture  was  evaluated  by  AE 
analysis  and  found  equivalent  to  the  critical 
stress  evaluated  by  plane  bending  tests. 

Key  Words:  Ceramics,  Thermal  Shock 
Fracture,  Disc-on-Rod  Test,  Maincrack 
Formation 

Introduction 

The  thermal  shock  fracture 
behavior  of  ceramics  has  been  investigated 
using  many  traditional  thermal-shock-testing 
methods  such  as  the  water  quench  [1,2]. 
Recently,  new  experimental  methods  are 
proposed  and  applied  to  the  investigation  of 


macroscopic  crack  propagation  process 
during  thermal  shock  fracture,  based  on 
fracture  mechanics  [3-5].  However  the 
characterization  of  microfracture  process 
under  thermal  shock  as  well  as  transient 
thermal  stress  field  is  indispensable,  since 
thermal  shock  fracture  is  caused  by  the 
accumulation  of  microscopic  damages  such 
as  microcrackings  due  to  thermal  stress. 

In  this  study,  new  experimental 
technique  for  the  investigation  of  thermal 
shock  fracture  behavior,  Disk-on-Rod  test,  is 
proposed.  The  temperature  fields  in  the 
specimen  were  measured  and  used  to 
calculate  the  2  dimensional  thermal  stress 
field.  Furthermore,  fracture  process  was 
evaluated  by  AE  measurement.  The 
formation  of  maincrack  due  to  propagation 
and/or  coalescence  of  microcracks  was 
focused  in  the  present  paper.  Especially, 
the  critical  stress  for  maincrack  formation  is 
evaluated  from  obtained  experimental  data 
and  compared  with  the  results  of  mechanical 
biaxial  bending  tests.  Consequently, 
thermal  shock  fracture  process  in  ceramics 
was  well  understood. 

Experimental  Procedure 
Materials 

The  material  used  were  alumina  ceramics 
(ADS- 11)  offered  from  Toshiba  Ceramics 
Co.,  Ltd.  The  relative  density  and  mean 
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therefore  2-D  thermal  stress  field  was 
obtained.  The  apparatus  of  Disk-on- 
Rod  test  and  AE  measuring  system  are 
shown  in  Fig.  1  schematically. 
Contacting  speed  was  controlled  by  an 
air  damper  to  restrain  the  AE  noise 
due  to  contacting.  And  temperature 
distributions  on  disk  surface  were 
measured  by  a  high-speed  infrared 
camera  (30  frames/s).  Then  thermal 
stress  was  calculated  from 
temperature  distribution  using  FEM 
analysis. 


Fig.l  Disk-on-Rod  Test  Apparatus 

grain  size  were  97.7%  and  6  pm, 
respectively.  Disk  specimens  were  cut 
from  the  rod  materials  and  both  surfaces 
were  polished. 

Disk-on-Rod  Tests 

In  this  study,  for  characterizing  the  thermal 
shock  fracture  process,  new  experimental 
technique,  Disk-on-Rod  test  was  developed. 
A  thin  disk  specimen  was  heated  uniformly 
to  the  required  temperature  by  an  infrared 
lamp  and  only  the  central  part  of  disk  was 
quenched  by  means  of  contacting  with  a  Cu 
rod.  The  disk  specimens  have  diameter  of 
20  mm  and  thickness  of  0.6mm,  and  a 
contacting  area  has  4  mm  diameter, 


In  order  to  evaluate  the  fracture 
process,  AE  signals  during  thermal  shock 
fracture  were  detected  by  AE  sensor 
attached  on  the  bottom  end  of  metal  rod, 
which  was  used  for  both  coolant  and  wave 
guide.  AE  sensor,  in  which  amplifier  is 
instrumented,  with  resonant  frequency  of 
180  kHz  was  used,  then  the  initiations  of 
microcracks  could  be  detected  with 
excellent  sensitivity.  The  total  gain  of  the 
AE  system  was  75  dB  (main  amplifier;  20 
dB  and  pre-amplifier  with  sensors;  55  dB) 
and  the  threshold  level  was  40  dB,  i.e.  18  pV 
at  the  input  terminal  of  the  pre-amplifier. 

Results  and  Discussion 
Determination  of  Thermal  Stress 


Fig.2  Thermal  Stress  during  Disk-on-Rod  Test 
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The  temperature  on  specimen  surface  was 
measured  by  1/30  s  using  a  high-speed 
infrared  camera  system  during  Disk-on-Rod 
test  and  concentric  temperature  field  was 
obtained.  The  thermal  stress  field  was 
computed  from  the  obtained  2-dimensional 
temperature  distribution  using  FEM  code 
(ANSYS),  as  shown  in  Fig.  2  (a),  radial 
stress,  and  (b),  tangential  stress.  The 
obtained  stress  field  was  axi-symmetric 
according  to  the  concentric  temperature 
distribution.  It  is  understood  from  the 
figure  that  the  center  of  the  disk  is  subjected 
to  equi-biaxial  maximum  stress  and  the 
stresses  decrease  to  the  outer  region  along 
the  radial  direction.  It  is  important  that 
radial  stress  is  tension  in  the  whole  of  disk 
specimen,  while  tangential  stress  has  the 
transition  point  from  tension  to  compression 
at  4mm  from  the  center  of  the  disk.  Both 
stresses  show  the  maximum  at  3s. 

Fracture  Behavior  during  Disk-on-Rod 
Tests 

Figure  3  shows  a  fractured  specimen  (a)  and 
equi-biaxial  thermal  stress  and  AE  behavior 
during  Disk-on-Rod  test  (b).  It  is  observed 
in  Fig.  3  (a)  that  the  maincrack  was  formed 
at  the  center  of  specimen  subjected  to  the 
maximum  biaxial  stress  and  propagated  to 
the  outer  region  with  small  crack  deflection. 
The  specimen  was  separated  into  4  peaces, 


which  demonstrates  that  the  fracture  was  in 
brittle  manner.  The  author  have  reported 
that  the  crack  arrest  and  re-propagation  was 
observed  during  the  Disk-on-Rod  tests  of 
alumina  with  lower  strength  [6].  It  is 
considered  that  these  deference  in  fracture 
behavior  was  resulted  from  the  deference  in 
strain  energy  at  the  maincrack  formation. 

It  is  recognized  in  Fig.  3  (b)  that 
both  cumulative  AE  events  and  energy 
increase  remarkably  at  1.5  s.  Since  the 
formation  of  maincrack  was  observed  at  the 
AE  increasing  point  in  the  previous  study,  it 
is  understood  that  the  critical  stress  for 
maincrack  formation  during  thermal  shock 
fracture,  a&,  can  be  determined  by  Disk-on- 
Rod  test.  Those  values  ranged  from  250  to 
300  MPa  independently  from  the  initial 
temperature  of  the  specimen. 

Maincrack  Formation  under  Thermal 
Shock 

In  order  to  investigate  the  critical  stress  for 
maincrack  formation,  the  plane  bending  tests 
were  carried  out  using  same  geometry 
specimens  and  a  loading  rod  with  4mm 
diameter.  Figure  4  shows  the  result  of 
plane  bending  test  and  a  fractured  specimen. 
Similarly  to  the  thermal  shock  fracture,  it  is 
observed  in  Fig.  4  (a)  that  the  maincrack 
was  initiated  at  the  center  region  of  the 


(a)  Fractured  Specimen 
Fig.3  Thermal  Stress  and  AE  Behavior  during  Disk-on-Rod  Test  and  Fractured  Specimen 
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(a)  Fractured  Specimen 


Fig.4  Result  of  Plane  Bending  Test  and  Fractured  Specimen 


(b)  Plane  Bending  Stress  and  AE  Behavior 


specimen  subjected  to  equi-biaxial  stress. 
In  Fig.  4  (b),  the  AE  increasing  point  can  be 
observed  before  maximum  bending  stress, 
therefore  it  is  understood  that  the  critical 
stress  for  maincrack  formation  under 
mechanical  loading,  ac,  can  be  determined. 
Those  critical  stresses  for  Material  B  were 
evaluated  as  180  -  240  MPa;  those  are  lower 
than  the  critical  stress  for  maincrack 
formation  under  thermal  shock  as  mentioned 
above.  Considering  the  influence  of  stress 
corrosion  cracking  due  to  water  during 
bending  test  at  room  temperature,  it  can  be 
concluded  that  the  critical  stresses  for 
maincrack  formation  under  thermal  shock 
and  mechanical  loading  are  equivalent  to 
each  other. 

Conclusions 

In  the  present  study,  new 
experimental  technique,  Disk-on-Rod  test, 
was  developed  and  applied  to  the 
characterization  of  thermal  shock  fracture 
process  in  ceramics.  The  thermal  stress 
fields  were  computed  from  temperature 
distributions  measured  by  high-speed  IR 
camera  and  fracture  process  was  evaluated 
by  AE  measurement,  both  of  which  are 
significant  for  understanding  the  thermal 
shock  fracture  behavior.  From  these  results, 
the  following  conclusions  were  obtained. 


(1)  The  maincrack  was  formed  at  the  center 
of  disk  specimen  subjected  to  maximum 
equi-biaxial  stress. 

(2)  The  critical  stress  for  maincrack 
formation  was  evaluated  and  it  was  almost 
equivalent  to  the  critical  stress  for  maincrack 
formation  in  plane  bending  test. 

(3)  Thermal  shock  fracture  process 
consisting  of  crack  initiation,  propagation 
and  arrest  was  well  understood. 
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Abstract 

Cold  spin  test  of  3DC/C  disk  were 
carried  out  to  elucidate  the  feasibility  for  the 
turbine  disk  of  ATREX  engine.  The  fly¬ 
out  behavior  occurred  before  the  total 
fracture  of  the  disk  and  the  shaft  vibration 
simultaneously  increased.  The  fly-out 
behavior  was  characterized  by  the 
delamination  of  the  fiber  bundles  from  the 
surface  of  the  3DC/C  disk.  Partial 
siliconization  was  shown  to  be  effective  to 
improve  the  onset  speed  of  fly-out  behavior. 
The  machinability  of  3DC/Cs  for  turbine 
blade  are  also  examined  and  the  tip  radius 
can  be  machined  with  0.5  mm. 

Key  Words:  Carbon-Carbon,  Turbine  disk 

Introduction 

Carbon-carbon  composites  (C/Cs) 
can  maintain  high  strength  and  toughness  up 
to  extreme  high  temperature  more  than  2273 
K.  From  this  strong  point,  C/Cs  has  been 
expected  to  use  for  the  turbine  disk  material 
of  the  air-turbo-ram-jet  engine  (ATREX), 
which  ISAS  has  been  developing  for  the 
future  propulsion  system  of  the  space 
launcher.  The  requirements  for  the  turbine 
disk  from  the  system  study  of  the  ATREX 
engine  are;  (1)  disk  diameter  =  300  mm,  (2) 
peripheral  speed  at  the  disk  tip  must  be 
more  than  390  m/s,  (3)  surrounding 
atmosphere  is  high  temperature  hydrogen 
gas  (1500  K).  From  our  pervious  study  [1, 
2],  the  rotation  speed  could  be  reached  513 
m/s  at  the  total  fracture  by  using  r-0-z  three 
dimensional  fiber  reinforced  C/C  (3DC/C) 
disk.  However,  the  fly-out  behavior 


coming  from  the  micro  fracture  of  the  C/C 
disk  occurred  before  the  final  failure  and  the 
vibration  amplitude  simultaneously 
increased.  In  this  study,  the  mechanism 
responsible  for  the  fly-out  behavior  are 
examined  through  the  understandings  of  the 
experimental  evidences.  Using  these 
understandings,  the  preventive  measure  was 
proposed  and  tested  for  3DC/C  disk.  In 
addition,  the  machinability  of  the  3DC/Cs 
for  the  turbine  blade  tip  sharpness  was  also 
examined  for  the  design  of  the  turbine 
system. 

Experimental  Procedure 

(1)  Material 

C/C  disk  used  in  this  study  was  the 
r-0-z  three  dimensional  fiber-reinforced  C/C 
using  high  strength  carbon  fiber  (Torayca  \ 
T-800).  Fiber  volume  fractions  in  each 
direction,  r,  0  and  z  are  set  to  ,  5  %,  40  % 
and  15%,  respectively.  The  carbon 
matrices  were  infiltrated  by  the  repetition  of 
the  densification  cycles;  infiltration  of 
phenolic  resin  and  carbonization.  The 
final  bulk  density  was  reached  to  1.42  x  103 
kg/m3.  The  C/C  disk  were  machined  to  the 
final  shape  (inner  diameter  =  300  mm,  outer 
diameter  =  400  mm  and  thickness  =15  mm) 
by  conventional  milling  technique.  The 
siliconization  around  the  outer  surface  of 
3DC/C  disk  by  the  melt  Si  impregnation  and 
the  gaseous  route  were  examined  as  the 
preventive  methods  for  fly-out  behavior. 
The  turbine  blade  tip  were  modeled  as 
shown  in  Figure  1  with  changing  the  tip 
radius,  R,  by  conventional  machining. 
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(2)  Mechanical  test 

Cold  spin  tests  were  carried  out  in 
a  vacuum  chamber  by  using  a  spin  tester 
driven  by  air  turbine.  The  3DC/C  disk 
assembled  with  the  rotation  fixture  was 
adjusted  rotation  balance  by  changing  the 
weight  of  the  fixture.  To  avoid  the  fiber 
damage,  the  rotation  balance  of  the  C/C  ring 
itself  was  not  adjusted.  The  objects  flying- 
out  from  C/Cs  were  detected  by  the  AE 
sensor  adhered  to  the  aluminum  target 
located  around  the  specimen  as  shown  in 
Figure  2.  The  spin  test  were  also  carried 
out  for  the  model  turbine  disk  using  the 
fixture  as  shown  in  Figure  3.  To 
characterize  the  fly-out  behavior,  the 
toughness  of  the  3DC/C  were  measured  by 
CT  (Compact  tension)  specimen  machined 
from  3DC/C  disk  as  shown  in  Figure  4. 

Result  and  Discussion 

(1)  Fly-out  behavior 

Figure  5  shows  the  surface  of 
3 DC/C  disk  after  rotation  test  at  the 
maximum  speed  of  270  m/s.  From  this 
figure  the  0-  and  z-directional  fiber-bundles 
were  shown  to  be  flew-out  from  the  disk 
and  only  the  r-directional  fiber  bundles 
remained.  From  the  observation  of  the  fly¬ 
out  objects  and  surface  of  the  3DC/C  disk 
after  rotation,  the  fly-out  behavior  are 
modeled  as  shown  in  Figure  6;  0-directional 
fiber  bundles  at  the  surface  were 
delaminated  from  the  edge  made  by 
machining  and  this  delamination  increased 
and  finally  delaminated  layer  fractured. 
Using  this  fracture  model,  the  fly-out 
behavior  can  be  characterized  by  the  stress 
concentration  at  the  tip  of  the  delamination. 
The  delaminated  layer  is  loaded  by  the  hoop 
stress  generated  in  the  disk  and  also 
centrifugal  force  as  shown  in  Figure  7. 

Considering  these  two  loading 
modes,  energy  release  rate,  G,  can  be 
estimated  as  a  function  of  delamination 
length  as  shown  in  Figure  8.  G  has  its 
minimum  with  delamination  length  and  the 


onset  of  fly-out  can  be  described  with 
comparing  this  minimum  G  and  critical 
energy  release  late  of  the  inter-layer,  Gc. 
From  Fig.  8,  G  is  also  the  function  of 
rotation  speed  and  layer  thickness,  h.  To 
increase  the  critical  rotation  speed  where  the 
fly-out  occurs,  the  following  two  methods 
are  considered  to  be  effective;  (1)  decrease 
layer  thickness,  i.e.,  use  fine  texture  and  (2) 
increase  Gc  itself.  The  minimum  G  of  the 
3DC/C  disk  used  in  this  study  is  estimated  = 
10  J/m2  and  this  value  agrees  with  Gc  of 
graphite  (5  to  20  J/m2). 

(2)  Preventive  method  for  fly-out  behavior 

One  of  the  effective  preventive 
methods  for  fly-out  behavior  is  the  increase 
of  inter-layer  bonding  strength  by 
siliconization.  Figure  9  (a)  and  (b)  show 
the  3DC/C  disks  with  partial  siliconization 
at  outer  surface  area;  (a)  for  melt  Si 
impregnation  and  (b)  for  the  gaseous  route. 
Large  area  of  the  3DC/C  disk  is  shown  to  be 
siliconized  for  melt  Si  impregnation  and 
only  slight  surface  area  for  the  gaseous 
route.  The  effectiveness  of  partial 
siliconization  was  firstly  examined  by  the 
toughness  measurement  using  CT  specimen. 

Figure  10  shows  the  load  versus 
crack  opening  displacement  relations  of 
3DC/C  and  3DC/C  with  melt  Si 
impregnation  (3DC/C-Si).  Usually, 
3DC/Cs  possess  large  fracture  resistance 
and  Gc  increase  with  crack  extension 
mainly  due  to  the  fibers  running 
perpendicular  to  the  crack  plane.  However, 
the  fly-out  behavior  was  occurred  at  only 
surface  of  the  disk  and  the  resistance 
described  above  could  not  operate.  Thus, 
the  initial  value  of  Gc  measured  by  CT 
specimen  is  meaningful  for  understanding 
the  fly-out  behavior.  The  initial  Gc  for 
3DC/C  was  estimated  as  =  5  J/m2  and  =  40 
J/m2  for  3DC/C  -Si.  Using  this  Gc  for 
3DC/C-Si,  the  critical  speed  for  fly-out 
behavior  could  be  increased  from  200  to 
340  m/s.  However,  this  speed  of  340  m/s 
is  still  lower  than  the  requirement  speed  of 
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ATREX  engine  (390  m/s).  The  cold  spin 
test  for  the  improved  Si  improved  disk  will 
be  carried  out  and  the  result  will  be 
discussed  farther  in  near  future. 

(3)  Machinability  of  3DC/C 

The  sharpness  of  the  turbine  blade 
tip  edge  is  the  key  factor  for  turbine  system. 
To  achieve  high  rotation  speed  and  avoid 
thermal  stress,  the  turbine  disk  should  be 
directly  machined  from  3DC/C  disk. 
Figure  11  shows  the  edge  of  the  model 
turbine  blades  with  various  R.  As  shown 
in  the  figure,  the  edge  could  be  machined 
until  R  =  0.5  mm  and  the  edge  was  broken 
at  R  =  0.1  mm.  The  cold  spin  test  were 
performed  with  this  model  blade  with  R  = 
0.5  mm  and  the  blade  maintain  its  shape  up 
to  470  m/s  and  this  speed  is  enough  for  the 
ATREX  engine. 

Conclusions 


Figure  1  Model  turbine  blade. 


Figure  2  Set  up  for  cold  spin  test. 


(1)  The  fly-out  behavior  can  be  modeled 
by  the  delamination  of  the  layers  from  the 
3DC/C  disk  surface. 

(2)  Siliconization  of  the  surface  area  of 
3DC/C  disk  was  shown  to  be  effective  for 
preventing  fly-out  behavior. 

(3)  3DC/C  can  be  machined  with  its  tip 
radius  =  0.5  mm  and  the  blade  maintain  its 
shape  with  rotation  speed  up  to  470  m/s. 
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Simulation  blade 


Figure  3  The  fixture  for  model  turbine 
blades. 


Figure  4  Shape  and  dimension  of  CT 
specimen. 
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Energy  release  rate  /  J/m 


Figure  5  Surface  of  3DC/C  disk  after 
rotation  test. 


Figure  7  Loading  mode  for  fly-out  behavior. 


Delamination  length  /  mm 


Figure  8  Energy  release  rate,  G,  as  a 
function  of  delamination  length. 


Figure  9  (a)  3DC/C  disk  with  melt  Si 
impregnation. 


Figure  9  (b)  3DC/C  disk  with  siliconization 


Crack  opening  displacement  /  mm 


Figure  10  Load  versus  crack  opening 
displacement  curve  of  3DC/C  and  3DC/C- 
Si. 


(mm) 


Figure  1 1  Edge  of  the  model  turbine  blade. 
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Abstract 

Two  concepts  are  proposed  to  suppress 
cracking  in  the  oxidation-resistant  coating  for 
carbon  fiber  reinforced  carbon  matrix  (C/C) 
composites.  The  first  idea  is  a  SiC/C 
multi-layered  coating.  The  aim  of  this  coating  is 
to  prevent  through-the-thickness  cracking  by 
reducing  the  thickness  of  each  SiC  layer.  Even  if 
the  coating  fractures  occurs,  for  example,  by 
external  load,  this  coating  is  thought  to  be  still 
effective  by  the  mechanism  of  crack  deflection. 
The  other  is  a  sinusoidal  SiC  coating.  This 
coating  suppresses  through-the-thickness 
cracking  by  reducing  thermal  stress  in  the 
coating  using  the  CTE  anisotropy  of  C/C 
composites.  In  the  present  paper,  both  the 
concepts  were  demonstrated  to  be  promising. 

Key  Words:  C/C  composites, 
Oxidation-resistant  coatings,  Coating  cracks 

Introduction 

During  the  cooling  process  after  the  coating 
treatment,  a  huge  mismatch  in  coefficient  of 
thermal  expansion,  CTE,  between  ceramic 
coatings  and  C/C  composites  gives  rise  to  a  laige 
number  of  through-the-thickness  coating  cracks. 
These  through-the-thickness  cracks  allow  the 
oxygen  diffusion  to  the  C/C  substrate,  and  lead 
to  severe  oxidation-degradation  in  the  substrate 


[1].  To  improve  the  oxidation-resistance  of  C/C 
composites,  therefore,  the  suppression  of  the 
through-the-thickness  coating  cracks  is  required. 
In  this  paper,  SiC/C  multi-layered  and  sinusoidal 
SiC  coatings  were  examined  for  the  suppression 
of  through-the-thickness  cracks  in 
oxidation-resistant  coatings  on  C/C  composites. 
Plausibility  of  these  coatings  was  discussed  from 
experimental  and  theoretical  points  of  views. 

Coating  concepts 

SiC/C  multi-layered  coating 
The  multi-layered  coatings  are  composed  of 
extremely  thin  SiC  and  pyrolytic  carbon  layers 
alternately  laminated  as  shown  in  Blg.l.  The 
main  role  of  the  SiC  layer  is  oxidation  protection 
and  that  of  the  pyrolytic  carbon  layers  is  to 
eliminate  mechanical  interactions  among  the 
SiC  layers  and  to  isolate  each  SiC  layer. 

CUT  SiC 


Fig.l  Schematic  description  of  the  SiC/C 
multi-layered  coating. 
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When  the  thickness  of  a  coating  becomes  less 
than  a  critical  value,  the  coating  cracks  disappear. 
This  phenomenon  occurs  due  to  the  reduction  in 
the  energy  release  rate  during  the  formation  of  a 
through-the-thickness  crack  [2].  As  discussed 
afterward,  the  critical  thickness  for  the  present 
SiC  coating  is  0.2pm.  We  also  experimentally 
confirmed  that  a  relatively  thick  pyrolytic  carbon 
layer  (about  15pm)  on  a  C/C  composite  did  not 
induce  cracks.  Thus  if  SiC  layers  with  the 
thickness  less  than  0.2pm  and  pyrolytic  carbon 
layers  are  alternately  laminated,  we  can  possibly 
obtain  a  thick  crack-less  coating. 

Sinusoidal  SiC  coating 

Shioya  et  al.  reported  that  by  making  the  coating 
surface  sinusoidal,  tensile  thermal  stresses  in  the 
coating  can  be  reduced  [3].  In  addition  to  this 
effect,  in  the  present  study,  we  have  used  the 
CTE  anisotropy  of  C/C  composites.  While  the 
in-plane  CTE  of  C/Cs  is  smaller  than  that  of  SiC 
coatings,  that  in  the  out  of  plane  direction  is 
much  larger  than  that  of  SiC.  Thus,  when  SiC 
coatings  are  applied  on  the  substrates  with  the 
carbon  fibers  inclined  certain  angles  with  the 
coating  surface,  we  can  diminish  the  CTE 
mismatch  between  the  both  materials.  This 
implies  that  by  making  the  surface  sinusoidal,  a 
drastic  reduction  in  thermal  stress  will  be 
achieved  and  suppression  of  coating  cracks 
would  be  made  especially  for  ID-  and  2D-C/Cs. 

Experimental  procedure 

Two  kinds  of  unidirectionaly  reinforced  C/C 
composites  were  used.  The  first  C/C  was 
produced  by  the  Preformed-Yam  method  and 
supplied  by  Across  Co.,  Japan  (PY-C/C).  The 
other  was  fabricated  by  Sentan  Zairyou  Co., 
Japan  (SZ-C/C).  The  reinforcing  fiber  of  the 
PY-C/Cs  was  TORAYCA-M40  (Toray  Co., 
Japan)  and  the  volume  fraction  of  the  fibers,  Vf, 
and  the  heat  treatment  temperature,  HTT,  were 
50%  and  2000°C,  respectively.  The  SZ-C/Cs 
were  reinforced  by  XN-35  (Nippon  Graphite 
Fiber  Co.,  Japan)  and  HTT  was  2500°C.  SiC/C 
multi-layered  and  sinusoidal  SiC  coatings  were 
formed  by  the  chemical  vapor  deposition,  CVD, 


using  SiCU,  C^Hg  and  Ht  gases.  Both  the  SiC 
and  pyrolytic  carbon  layers  were  deposited  at 
1200°C  under  a  total  gas  pressure  of  1 0  Torr. 

Results  and  discussion 

Critical  thicbiess  for  SiC  single-layered  coating 
The  critical  thickness  of  the  SiC  single-layered 
coating  was  examined  using  the  unidirectional 
PY-C/C  with  the  dimensions  of  15x15x3mm. 
Fig.2  shows  the  variation  of  the  observed  crack 
spacing,  2A,  the  distance  between  adjacent 
cracks,  as  a  function  of  the  coating  thickness. 
The  2\  decreases  up  to  0.2pm  with  the  decrease 
of  coating  thickness.  The  coating  cracks, 
however,  almost  disappeared  at  a  thickness  of 
0.2pm  although  localized  small  cracks  were  still 
slightly  observed  only  above  matrix  rich  regions 
of  the  substrate  C/C.  The  coating  thickness, 
when  coating  crack  almost  disappeared,  was 
defined  as  the  critical  thickness,  hc. 


Thickness  of  SiC  single-layered  coating  (pm) 

Fig.2  Relationship  between  the  observed 
crack  spacing  and  the  thickness  of  SiC 
single-layered  coating. 

Effectiveness  of  SiC/C  multi-layered  coating 
To  confirm  the  validity  of  the  present  concept, 
SiC/C  multi-layered  coatings  were  deposited  on 
the  off-axis  substrates  cut  from  unidirectional 
SZ-C/Cs.  In  the  experiment,  the  cutting  angle 
between  the  coating  plane  and  the  carbon  fiber 
axis,  0,  shown  in  Fig 3  was  varied.  The  substrate 
dimensions  were  20x10x3mm.  The  off-axis 
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substrates  were  used  so  as  to  increase  the 
in-plane  CTE  of  the  substrates.  By  this 
procedure,  we  can  freely  set  the  critical  thickness, 
ha  and  then  we  can  chose  he  at  values  which  we 
can  easily  form  the  multi-layered  coatings. 


Direction  of 
carbon  fiber  axis 


6 :  Off-axis  angle  Carbon  fiber 


Fig.3  Critical  thickness,  ha  of  SiC 
single-layered  coating  as  a  function  of  the 
cutting  angle,  6. 


Beuth  [21  has  given  he  by  setting  the  energy 
release  rate,  G&,  during  the  formation  of  a 
through-the-thickness  channeling  crack  equal  to 
Gic,  as; 


h  = 


0SicKs(<X>P) 


(1) 


where  £sic  is  the  Young’s  modulus,  Gk:  the 
mode-I  critical  eneigy  release  rate  of  the  coating, 
Osic  the  tensile  stress  in  the  coating.  The  g(oc,p) 
is  a  function  of  Dunders  parameters,  a  and  P  [2], 
being  modulus  ratios  between  the  coating  and 
substrate.  The  critical  eneigy  release  rate,  Gic,of 
the  SiC  coating  was  assumed  to  be  30  J/m2.  In 
Fig.3,  the  critical  thickness,  ha  calculated  from 
Eq.(l)  and  finite  element  analysis,  FEA,  is 
shown  for  SiC  single-layered  coating  as  a 


function  of  6. 

Fig-4  shows  the  cross-sectional  views  of  a 
SiC/C  multi-layered  coating  applied  on  off-axis 
substrates.  The  total  thickness  of  the  coatings 
was  about  24pm,  and  thickness  of  each  SiC  and 
pyrolitic  carbon  layers  were  about  4pm  and 
0.8pm,  respectively.  In  the  coating  with  the  36° 
substrate,  many  through-the-thickness  cracks 
were  seen  in  the  layer.  On  the  other  hand,  in  the 
38°  coating,  no  through-the-thickness  crack  was 
observed.  The  difference  in  the  observed 
morphology  can  be  clearly  explained  in  Fig.3.  In 
the  38°  coating,  the  thickness  of  each  SiC  layer, 
equal  to  about  4pm,  is  lower  than  the  critical 
thickness  (5~7pm).  Thus  isolation  of  the  each 
SiC  layer  by  inserting  the  pyrolitic  carbon  layers 
lead  to  crack-less  coating.  In  the  36°  coating, 
however,  each  SiC  layer  was  thicker  than  ha 
causing  coating  cracks. 


Fig.4  Cross-sectional  views  of  SiC/C 
multi-layered  coatings  applied  on  off-axis 
SZ-C/C  substrates. 


We  also  formed  a  single-layered  SiC  coating 
with  a  thickness  of  20pm  on  the  same  off-axis 
substrates,  0  =  36°~38°.  In  these  coatings,  we 
clearly  observed  through-the-thickness  cracks. 
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This  example,  therefore,  successfully 
demonstrated  that  the  SiC/C  multi-layered 
coating  is  effective  to  suppress  the 
through-the-thickness  cracks  in  the  coating. 

Effectiveness  of  sinusoidal  SiC  coating 
The  thermal  stress  in  a  sinusoidal  SiC 
coating  was  calculated  by  use  of  FEA.  Fig5 
shows  the  calculated  result  for  a  configuration 
with  coating  thickness  125pm,  wave  height 
3.6mm,  and  wave  length  4mm,  which  was 
assumed  to  be  applied  on  a  unidirectional 
PY-C/C.  The  X  and  Y  axes  represent  the 
horizontal  position  in  the  coating,  and  the 
maximal  principle  stress  in  the  sinusoidal 
coating  normalized  by  the  stress  in  the  flat 
coating,  respectively.  As  shown  in  this  figure,  a 
large  stress  was  obtained  only  at  the  coating 
surface  and  near  the  interface  at  the  bottom  and 
top  of  the  wavy  coating.  Hence  we  can  expect 
the  cracks  induced  at  these  points  would  be 
arrested  within  the  coating. 


X  (mm) 


Fig.5  Normalized  maximal  principle  stress 
in  a  sinusoidal  SiC  coating. 


Note  that  if  we  do  not  assume  the  anisotropic 
substrate,  i.e.,  isotropic  substrate,  then  we  got 
higher  stress  in  the  coating.  This  anisotropic 
effect  is  a  difference  from  Shioya’s  analysis. 
Fig-6  shows  the  cross-sectional  view  of  a 
sinusoidal  SiC  coating  applied  on  a  QI-C/C 
substrate.  Coating  cracks  were  successfully 
suppressed  by  use  of  the  sinusoidal 
configuration.  Thus  the  remaining  problem  is 
the  optimization  of  sinusoidal  configuration  to 
make  the  wave  flatter  and  how  to  utilize  this 
concept  to  the  3D-configuration. 


Fig.6  Cross-sectional  view  of  a  sinusoidal  SiC 
coating. 
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ABSTRACT 

Silicon-carbide-coating  on  carbon/carbon 
matrix  composites  (C/Cs)  were  generally 
formed  by  a  CVD  method  with  the  conversion 
treatment  along  the  coating  interface  to  improve 
bonding  strength  between  coating  and  C/C 
composite.  To  clearify  the  mechanisms  for  the 
bonding  improvement,  the  interfacial  shear 
strength  of  SiC-coated  C/C  composites  with 
various  conversion  time  was  measured  by  a 
plunger  method  and  the  surfaces  and  cross- 
sections  were  observed  by  SEM  and  EPMA. 
These  results  gave  clear  micro-image  during 
formation  of  the  conversion  layer  and  the 
strengthening  mechanism  of  the  bonding  by  the 
conversion  treatment. 


KEYWORDS: 

C/C  Composite,  SiC  Coating,  Conversion 
Treatment,  Bonding  Strength 


INTRODUDTION 

C/C  composites  are  unique  materials  which 
posses  exceptional  high  heat  resistance  along 
with  light  weight,  high  stiflness  and  high 
strength  [1,2].  However,  C/C  composites  are 
known  to  possess  a  serious  shortcoming,  i.e., 
easily  oxidized  to  evaporate  above  temperatures 
of  about  773K  [3,4],  To  overcome  the  oxidation 
problem,  ceramic  coatings  have  been  applied 
on  the  surfaces  of  C/C  composites  and  SiC  is 
regarded  as  most  promising  material  for  the 
oxidation  protection  coating.  However,  thermal 
mismatch  strain  between  C/C  and  SiC  coating 
often  leads  to  coating  debonding.  For  producing 
strong  bonding,  the  interphase  layer  by  direct 
chemical  reaction  of  the  gaseous  silicon  with 
carbon  in  the  substrate  is  often  formed  before 
forming  CVD-SiC  coating.  It  has  been  reported 
that  the  bonding  strength  between  coating  and 
substrate  increases  by  the  conversion  treatment, 
although  the  strengthening  mechanism  has  not 
clarified.  In  this  study,  the  bonding  strength  of 
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SiC-coating  is  measured  by  a  plunger  method 
for  the  coating  changing  conversion  treatment 
time.  In  addition,  micro-structure  of  the 
conversion  layers  is  observed  with  SEM  and 
EPMA  so  as  to  identify  strengthening 
mechanisms. 

EXPERIMENTAL  PROCEDURE 

1.  C/C  composite 

The  C/C  composite  used  for  the  substrates 
was  fabricated  by  the  preformed  yam  process 
and  supplied  by  Across  co.  Ltd.  This  C/C  was 
unidirectionally  reinforced  with  Torayca  M40 
and  had  a  total  fiber  volume  fraction  of  50%. 

2.  Conv.-trcatment  and  SiC  coating 

The  SiC  coating  was  produced  with  a  hot- 
wall  type  CVD  reactor.  The  SiC  coating  was 
composed  of  two  layers;  a  thin  SiC  conversion 
layer  (sub  pm)  and  a  thick  CVD  coating  layer. 
The  conversion  layer  was  formed  by  direct 
chemical  reaction  of  the  gaseous  SiCl4  with 
carbon  in  the  substrate  by  the  reaction, 

Si  +  C  — ►  SiC. 

The  CVD-layer  was  formed  from  a  SiCI4  /C,Hg 
/H2  system.  Both  of  the  Conversion  and  CVD 
layers  were  formed  under  the  conditions  of 
deposition  temperature,  1473K,  and  total 
pressure,  1 .3  kPa. 


Fig.l  Schematic  drawing  of  plunger  method  for 
the  measurement  of  interfacial  bonding  strength. 


3.  Shear  tests  by  plunger  method 

The  interfacial  fracture  between  a  SiC 
coating  and  the  C/C  composite  was  induced  by 
a  test  fixture  shown  in  Fig.l.  The  bonding 
strength  was  evaluated  by  the  average  shear 
stress,  an  interfacial  fracture  load  divided  by 
interfacial  fracture  area. 

RESULTS  AND  DISCUSSION 
1.  Bonding  strength 

The  interfacial  shear  fracture  stresses  of  the 
SiC  coating  by  plunger  method  are  plotted  as  a 
function  of  conversion  treatment  time  in  Fig.2. 
As  shown  in  this  figure,  the  bonding  strength  of 
the  SiC  coating  increased  linearly  with  the 
conversion  treatment  time. 


Fig.2  Relation  between  bonding 
strength  and  conversion  time. 

2.  Observations  of  conversion  layer 

Figures  3  and  4  show  surfaces  of  a  bare  C/C 
(non  coated)  and  a  C/C  substrate  with 
conversion  treatment  for  1 3  h.  It  can  be  seen  in 
Fig.4  that  SiC  formed  by  conversion  treatment 
is  at  first  formed  in  the  matrix  region.  This 
behavior  might  be  due  to  low  graphitization  and 
thus  high  reactivity  of  the  matrix  region.  Figure 
4  also  shows  that  thin  SiC  film  by  the  present 
conversion  treatment  was  formed  only  near  the 


598 


surface  of  the  substrate  and  defects,  and  little 
amount  of  SiC  was  produced  at  the  inside  of  the 
substrate.  From  this  observation,  it  is  concluded 
that  the  SiC  formation  is  ruled  by  diffusion  of 
inner  carbon.  The  SiC  formation  in  pore 
surfaces  in  the  C/C  substrate  gradually 
proceeded  into  deep  places,  as  shown  in  Fig.5 
and  6.  At  the  converted  places,  the  growth  rate 
of  CVD-SiC  had  higher  growth  rate  than  non- 
converted  inner  surfaces.  Therefore,  the  whole 
pore  are  easily  filled  with  CVD-SiC  after  long 
conversion  treatment,  and  these  filled  portion  of 
SiC  might  act  as  anchors  against  delamination 
of  SiC  coating. 

3.  Observations  of  C/C  substrate  after 
plunger  tests 

Figures  7  and  8  show  fractured  surfaces  by 
plunger  tests  for  C/C  substrates  with  conversion 
treatment  for  3h  and  lOh,  respectively.  As 
shown  in  Fig.7,  SiC  coating  with  3h  of 
conversion  time  debonded  at  interface  between 
coating  and  substrate.  On  the  other  hand,  1  Oh- 
treated  SiC  coating  partly  fractured  in  the  C/C 
substrate  as  shown  in  Fig.8.  Figure  9  shows  the 
cross  section  of  C/C  substrate  with  lOh 
conversion  treatment  after  plunger  test.  In  this 
figure,  it  was  observed  that  SiC  coating  didn’t 
debond  perfectly  but  coating  is  partly  bonded 
on  the  substrate  even  after  the  plunger  test.  As 
mentioned  above,  by  giving  long  conversion 
treatment,  CVD-SiC  is  filled  in  C/C  substrate. 
These  penetrated  parts  operate  as  the  anchors 
against  cracks  propagating  along  interface 
between  coating  and  substrate  when  shear  load 
applied  on  the  interface.  Thus,  this  anchor  effect 
is  concluded  to  be  the  principal  factor  of 
increasing  bonding  strength  by  the  conversion 
treatment. 


CONCLUSIONS 

(1)  The  formation  of  conversion  SiC  layer  starts 
from  near  surface  matrix  region. 

(2)  The  conversion  SiC  layer  is  formed  by 
diffusion  of  carbon  from  inner  substrate. 

(3)  When  conversion  treatment  time  is  short, 
CVD-SiC  isn’t  filled  in  substrate  pores.  As  this 
result,  cracks  propagates  along  interface 
between  coating  and  substrate.  When 
conversion  treatment  time  becomes  long,  CVD- 
SiC  is  easily  filled  in  substrate  defects,  this 
penetrated  SiC  operates  as  anchors  and  the 
strengthen  the  interfacial  bonding. 


Fig.4  A  surface  of  C/C  after  13h  conversion 
treatment. 
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Fig.5  A  near  surface  cross  section  of  C/C  Fig.8  A  fracture  surface  of  C/C  with  lOh 

without  conversion  treatment  after  plunger  conversion  treatment  after  plunger  test 

test.  j 


Interface 


IcVD-SiC 


Conv.1 


Fig.9  A  near  surface  cross  section  of  C/C 
with  lOh  conversion  treatment  after  plunger 
test 


Fig.6  A  near  surface  cross  section  of  C/C 
with  lOh  conversion  treatment  after  plunger 
test 
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Fig.7  A  fracture  surface  of  C/C  with  3h 
conversion  treatment  after  plunger  test 
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Abstract 

Rotary  bending  and  static  fatigue 
tests  were  performed  on  the  new  composite 
smooth  specimens  at  room  temperature. 
The  material  used  was  a  carbon  fiber 
reinforced  carbon  composite  impregnated 
with  Si,  developed  by  NGK  INSULATORS, 
LTD.  Two  kinds  of  materials  with  different 
carbon  fibers  were  studied  to  examine  the 
impregnation  effect  on  the  fatigue  strength. 
The  assumed  fatigue  limit  under  rotary 
bending  was  much  lower  than  the  static 
bending  strength.  The  static  fatigue 
strength  was  also  lower  than  the  static 
bending  strength.  Regardless  of  carbon 
fibers,  the  strength  was  decreased  by  Si 
impregnation.  It  was  considered  that  the 
damage  or  fracture  mechanism  was  changed 
by  the  generated  SiC. 

Key  Words:  Cyclic  fatigue,  Static  fatigue, 
C/C  composite,  C/C  composite  impregnated 
with  Si 

Introduction 

The  new  composite,  which  was  a 
carbon  fiber  reinforced  carbon  (C/C) 
composite  impregnated  with  Si,  was 
developed  by  NGK.  This  material  has  the 
characteristics  such  as  oxidation  and  wear 
resistance,  compared  with  C/C  composites 
[1].  The  applications  of  this  material,  as 
well  as  C/C  composites,  require  at  least  a 
degree  of  strength  and  stiffness  [2],  The 


fatigue  strength  must  be  studied  on  the 
present  materials  to  make  their  reliability 
higher  as  structural  materials,  since  the 
fatigue  strength  is  generally  lower  than  the 
static  strength.  However,  the  basic  data  on 
the  fatigue  behavior  of  the  present  material 
(Si-C/C),  as  well  as  C/C  composites,  are  still 
not  sufficient  to  clarify  the  fracture 
mechanism.  As  for  the  aspect,  the  fatigue 
behavior  of  Si-C/C  smooth  specimen  was 
examined  at  room  temperature  under  rotary 
bending  and  static  fatigue,  as  the  same 
manner  in  the  study  [3]  on  ceramics.  Two 
kinds  of  materials  with  different  carbon 
fibers  were  studied  to  examine  the 
impregnation  effect  on  the  fatigue  strength. 
The  strength  characteristics  were  also 
compared  with  those  of  C/C  composites 
having  no  Si  impregnation.  Based  on  the 
results  obtained,  the  difference  of  the  fatigue 
strength  characteristics  in  Si-C/C  and  C/C 
composites  were  discussed. 

Experimental  Procedure 

The  material  used  was  a  C/C 
composite  impregnated  with  Si,  obtained 
from  NGK  (Japan).  Si  impregnation  was 
performed  on  a  C/C  composite  at  1873  K 
under  decompression;  the  C/C  composite 
was  made  using  pre-formed  yam  method, 
developed  by  across  co.  LTD.  Two  kinds 
of  laminate  plates  with  different  carbon 
fibers  (T300  and  T700  by  Toray  Industries, 
Inc.)  were  made;  the  tensile  strength  was 
higher  for  T700  than  for  T300.  In  the 
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present  study,  the  materials  are  called  as 
Si-T300C/C  and  Si-T700C/C;  the  materials 
without  Si  impregnation  are  called  as 
T300C/C  and  T700C/C.  The  microstructure 
is  composed  of  carbon  fiber,  carbon,  silicon 
and  silicon  carbide. 

The  specimen  had  a  cylindrical  shape, 
as  shown  in  Fig.l.  The  diameter  of  the 
middle  part  was  1 0  mm  and  each  end  of  the 
specimen  had  a  larger  diameter  of  12  mm 
for  chucking.  The  specimen  was  ground 
perpendicularly  to  its  axis  to  make  the 
finished  surface  smooth.  The  machine 
used  was  an  Ono's  rotary  bending  fatigue 
testing  machine  (147Nm)  operating  at  3420 
cycles  per  minute.  The  loading  type  of  the 
machine  was  four-point  bending,  and  the 
stress  state  of  the  specimen  was  reversed 
bending.  The  static  and  static  fatigue  tests 
were  performed  using  the  non-rotating 
fatigue  machine;  in  these  tests  the 
orientation  of  the  fibers  at  the  specimen 
surface  was  taken  parallel  to  the  loading  axis, 
since  the  specimen  is  an  anisotropic  body. 
Fracture  features  and  acoustic  emission 
(AE)  characteristics  were  also  examined. 

Results  and  Discussion 

Cyclic  and  Static  Fatigue  Behavior 

Rotary  bending  test  was  carried  out 
mainly  within  the  range  104  to  10 
stress-cycles.  Some  specimens  were  tested 
at  cyclic  number  more  than  108  to  examine 
the  existence  of  a  knee;  108  stress-cycles  is 
equivalent  to  about  20  days  under  the 
present  test  condition.  Test  points  of  two 
present  materials,  represented  by  open  or 
solid  symbols,  are  shown  in  Fig.2;  the 
arrowed  points  indicate  those  stopped 
testing.  The  fatigue  life  increases  as  the 
stress  amplitude  decreases,  and  the  fatigue 
limit  seems  to  be  about  20  MPa  for 
Si-T300C/C.  A  similar  S-N  relationship 
was  obtained  on  Si-T700C/C,  and  the 
fatigue  limit  seemed  to  be  about  50  MPa. 
As  some  specimens  are  fractured  at  more 
than  107  stress-cycles,  the  existence  of  a 
knee  must  be  studied  in  future. 

The  static  bending  strength,  obtained 
by  the  non-rotating  fatigue  machine,  is 
shown  at  N=1  for  each  material.  The 


Fig.l  Specimen. 
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Fig.2  Test  results  for  two  kinds  of 
present  materials  under  (O,  •)  rotary 
bending,  (A,  A)  static  fatigue  and  (□, 
■  )  static  test;  open  and  close  symbols 
indicate  the  data  for  Si~T300C/C  and 
Si-T700C/C,  respectively. 


t (sec) 


Fig.3  Test  results  for  Si-T700C/C  and 
T700C/C  under  (O,  •)  rotary  bending, 
(A,  A)  static  fatigue  and  (□,  ■)  static 
test. 

values  were  about  90  and  100  MPa, 
respectively.  The  strength  was  clearly 
different  in  C/C  composites  with  different 
carbon  fibers.  In  Si-C/C  composites, 
however,  the  strength  difference  became 
smaller.  Test  points  under  static  fatigue 
were  also  plotted  on  the  graph.  As  can  be 
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seen  in  the  figure,  the  static  fatigue  behavior 
exists  in  Si-T700C/C.  The  static  fatigue 
limit  seems  to  be  about  70  MPa,  and  this 
value  is  higher  than  the  fatigue  limit.  In 
Si-T300C/C,  the  scatter  was  relatively  large, 
but  the  static  fatigue  behavior  was 
confirmed,  increasing  and  holding  the 
constant  applied  stress. 

The  results  for  Si-impregnated 
material  were  compared  with  those  for  C/C 
composite.  As  shown  in  Fig.3,  the  strength 
becomes  smaller  by  Si  impregnation.  C/C 
composite  has  the  similar  fatigue  behavior, 
although  the  static  fatigue  strength  means 
that  a  specimen  does  not  maintain  its 
deformation  condition.  In  static  and  static 
fatigue  tests,  the  fracture  means  the 
separation  of  a  specimen  for  Si-C/C,  but  not 
for  C/C,  since  the  fracture  features  are 
different  in  two  materials,  as  described  later. 

AE  under  Four-Point  Bending 

AE  event  count  was  examined  using 
rectangular  specimens  with  3  mm  thick  and 
4  mm  wide  under  four-point  bending  test 
whose  crosshead  speed  was  0.5  mm/min  to 
know  the  degree  of  damage  under  the 
fracture  process.  As  shown  in  Fig.4,  AE 
event  count,  indicating  the  initiation  of 
damage  or  its  progress,  increases  with 
increasing  stress.  Although  the  location  of 
the  damaged  zone  could  not  be  detected,  AE 
event  occurred  at  very  low  stress  for  Si-C/C 
compared  with  C/C;  Si  impregnation  may 
induce  a  defect  or  a  crack. 

AE  event  count  was  examined  under 
the  constant  stress  lower  than  the  ultimate 
flexural  strength  to  know  the  damage 
process  under  static  fatigue.  The  result, 
obtained  under  the  constant  stress  whose 
magnitude  is  90  %  of  the  ultimate  flexural 
strength,  is  shown  in  Fig.5.  The  rapid 
increase  in  the  number  of  AE  event  occurs 
when  applying  the  stress,  and  AE  event 
occurs  although  its  number  decreases  as  the 
time  proceeds.  The  cracks  between  yarns 
are  observed,  and  thus  the  progressive 
damage  is  believed  due  to  the  crack  growth. 
On  the  other  hand,  in  C/C  composites,  the 
damage  such  as  delamination  between  plies 
progresses,  leading  to  the  reduction  of 
Young  modulus,  and  thus  the  deformation 


Fig.4  AE  event  count  for  Si-T700C/C 
and  T700C/C  rectangular  specimens 
under  four-point  bending. 


Fig.5  AE  event  count  for  Si-T300C/C 
rectangular  specimen  under  static 
fatigue  ( a  =65  MPa). 


Fig.6  Fracture  surface  after  rotary 
bending  test  ( a  =  30  MPa,  N=1.47X106). 

condition  may  not  be  maintained. 


Fracture  Features 

A  typical  macrophotograph  of  a 
fracture  surface  under  rotary  bending  is 
shown  in  Fig.6.  The  fracture  origin  could 
not  be  detected  even  by  minute  observations. 
The  fracture  occurred  perpendicularly  to  the 
specimen  axis,  like  ceramics,  as  shown  in 
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Fig.7(a).  The  shape  of  a  fracture  C/C 
specimen,  however,  showed  the  stepwise 
failure,  as  shown  in  Fig.7(b).  This  is 
believed  due  to  the  difference  in  the 
interfacial  strength  of  plies/plies.  In  the 
case  of  the  laminated  composites  used  in  the 
present  study,  it  seems  that  plies/plies  or 
yarns/yarns  interfacial  strength 

characteristics  are  important  [4].  The 
interlaminer  test  results,  performed  on  a 
double  notched  specimen,  showed  that  the 
strength  was  higher  for  Si-C/C  than  for  C/C; 
the  measured  values  were  12  MPa  for 
Si-T300C/C  and  4  MPa  for  T300C/C, 
respectively. 

The  relationship  between  stress  and 
strain  was  examined  at  specimen  surfaces 
subjected  to  the  maximum  tensile  and 
compressive  stresses.  The  results,  obtained 
by  the  non-rotating  fatigue  machine  on 
Si-C/C  and  C/C,  are  shown  in  Fig.8.  In 
C/C  specimens,  the  buckling  of  fibers  or  the 
delamination  between  plies  was  observed  at 
compressive  side;  the  delamination  was  seen 
near  the  stress  of  170  MPa  in  the  figure. 
The  fatigue  limit  of  a  C/C  specimen  is 
believed  to  be  related  to  the  damage 
generated  at  compressive  side.  In  Si-C/C, 
however,  the  fracture  seemed  to  initiate  from 
the  tensile  side.  The  fatigue  fracture 
mechanism  is  believed  to  be  different  in 
Si-C/C  and  C/C  specimens  due  to  the  role  of 
generated  SiC;  the  fiber/matrix  interface 
characteristics,  as  well  as  the  above 
interfacial  ones,  must  be  studied  for  further 
explanation  on  fracture  mechanism. 

Conclusions 

Rotary  bending  and  static  fatigue 
tests  were  carried  out  on  C/C  composite 
impregnated  with  Si  at  room  temperature. 
Two  kinds  of  materials  with  different  carbon 
fibers  were  studied  to  examine  the 
impregnation  effect  on  the  fatigue  strength. 
The  assumed  fatigue  limit  under  rotary 
bending  was  much  lower  than  the  static 
strength.  The  damage  occurred  under 
static  fatigue,  and  the  assumed  static  fatigue 
limit  was  also  lower  than  the  static  strength. 
The  strength  was  decreased  by  Si 
impregnation,  and  the  strength  difference 


Fig.7  Fracture  specimens  after  rotary 
bending  test  for  (a)  Si-C/C  and  (b)  C/C. 


Fig.8  Relationship  between  stress  and 
strain  at  specimen  surface  for  (O,  •) 
Si-T700C/C  and  (A,  A)  T700C/C;  open 
and  close  symbols  indicate  the  values  of 
compression  and  tension,  respectively. 

due  to  the  carbon  fibers  became  smaller  in 
Si-impregnated  materials.  The  results, 
such  as  fracture  features,  AE  characteristics 
and  the  relationship  of  stress  against  strain, 
indicated  that  the  damage  or  fracture 
mechanism  was  changed  by  Si  impregnation. 
This  was  believed  due  to  the  role  of 
generated  SiC. 
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Abstract 

Fracture  behavior  of  2D  and  3D 
carbon/carbon  composites,  2D-C/Cs  and  3D- 
C/Cs,  was  experimentally  compared  by  the 
compact  tension  method.  The  3D-C/Cs  were 
shown  to  possess  far  higher  fracture  resistance 
than  the  2D-C/Cs.  This  high  fracture  resistance 
of  the  3D-C/Cs  was  explained  in  terms  of 
extremely  low  shear  resistance  and  high  shear 
deformation.  The  former  low  shear  resistance  is 
shown  that  to  be  derived  from  many  interfacial 
cracks  between  fiber  bundles  and  pure  matrix. 
These  cracks  appear  due  to  3D  mechanical 
constraints  by  the  3D  reinforcement.  The  latter 
behavior  is  induced  by  the  entangled  three- 
dimensional  reinforcement  structure. 

Key  Words:  2D  and  3D  C/Cs,  Fracture 
Resistance,  Compact  Tension  Test. 

Introduction 

Carbon  fiber  reinforced  carbon  matrix 
composites,  C/Cs,  maintain  their  high  strength 
over  2000o  C.  C/Cs  are  highly  expected  in  high 
temperature  applications  especially  in  aerospace 
and  nuclear  energy  industries  [1-3].  However, 
when  C/Cs  are  actually  used,  we  must  solve 
various  problems  due  to  serious  shortcomings 
that  C/Cs  are  holding.  Well-known  shortcomings 
are  the  weakness  against  oxidation  and  low  inter¬ 
laminar  strength.  To  overcome  the  latter  lack, 
3D-C/Cs  have  been  introduced. 

However,  many  properties  of  the  3D-C/Cs 
have  not  been  sufficiently  examined,  probably 
due  to  the  extremely  high  cost.  However,  few 
papers  mentioned  about  3D-C/Cs  and  most  of 
studies  directed  to  2D-C/Cs  [3-9].  Hence,  there 
is  no  clear  image  about  the  effect  of  three¬ 


dimensional  reinforcement  on  various 
mechanical  properties.  In  this  paper  comparison 
was  made  for  the  fracture  behavior  of  3D-C/C 
and  2D-C/C.  Using  compact  tension  test, 
fracture  behaviors  of  both  materials  are  clarified. 
Then,  the  obtained  difference  in  fracture  pattern 
between  3D-C/C  and  2D-C/C  is  explained  in 
terms  of  microstructures  and  basic  mechanical 
responses  in  tension,  compression  and  shear. 

Materials 

The  2D-C/Cs,  produced  via  preform  yam 
method  by  Across  Co.,  had  0/90  lamination  and 
fiber  volume  fraction  of  50%.  The  reinforcing 
fiber  of  this  C/C  was  Torayca  M40  supplied  by 
Toray  Co.  Two  kinds  of  3D-C/Cs  with  different 
void  contents  were  used,  produced  by  IHI 
Aerospace  Co.  These  C/Cs  were  reinforced  with 
pitch-based  fibers  and  had  a  fiber  volume 
fraction  of  36  %  (12%  each  direction).  The 
source  materials  of  these  were  unidirectionally 
reinforced  CFRP  rods,  which  were  arranged  into 
a  preform  reinforced  in  orthogonal  directions. 
Then  the  preform  was  HIP-treated  over  500  atm., 
where  impregnation  material  was  coal  tar  pitch, 
followed  by  heat  treatment  over  2000  °C.  These 
HIP  cycles  were  repeated  several  times  to  yield 
C/C  with  1.9  and  2.0  g/cm3.  In  this  paper,  the 
abbreviation  LD  and  HD  are  used  to  indicate  low 
density  and  high  density  of  3D-C/C  respectively. 

Experimental  Procedures 
Micro-Structure 

Voids  distribution  and  cracks  were  observed 
using  an  optical  microscope  prior  to  mechanical 
tests.  Later  SEM  was  used  to  scan  the  damage  of 
fracture  surfaces  that  produced  by  mechanical 
tests. 
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Characterization  of  Mechanical  Properties 
To  characterize  the  materials,  stress-strain 
relations  under  tensile,  compressive  and  shear 
loading  were  obtained.  The  Iosipescu  method 
was  adopted  to  determine  the  shear  responses.  At 
least  one  test  for  each  material  was  repeated 
loading  and  unloading  to  measure  residual  shear 
strain  as  a  function  of  applied  load.  The 
compressive  tests  were  performed  according  to 
JIS  for  carbon  materials.  Screw-driven 
mechanical  testing  machine.  Autograph  AG- 
5000A,  was  used  for  all  the  mechanical  tests 
under  cross  head  speed  0.05  mm/min. 

Compact  Tension  Tests 

Compact  tension,  CT,  tests  were  performed  to 
compare  fracture  behavior  of  the  materials.  The 
pre-crack  was  introduced  by  diamond  wheel  with 
a  thickness  of  0.4  mm,  then  by  a  sharp  blade 
until  0.1  mm.  During  the  CT  test,  the  crack 
growth  length  was  measured  using  a  travelling 
microscope  with  a  magnification  of  25  times.  To 
easily  determine  the  crack  propagation,  surfaces 
of  the  specimens  were  diamond  polished  with  15 
□  m  disk  and  thinly  painted  white.  Crack 
opening  displacement,  COD,  was  monitored  at 
the  crack  edge  by  a  clip  gauge.  Loading¬ 
unloading  cycle  tests  were  performed  by 
mentioned  above  testing  machine  under  cross 
head  speed  of  0.1  mm/min.  Energy  release  rates 
were  determined  from  measured  load-COD 
relation  and  following  equation; 


where  P,  B,  c,  and  a  are  load,  thickness  of  the 
specimen,  compliance  measured  at  the  loading 
point,  and  crack  extension  length,  respectively. 

Results 

Mechanical  Properties 

1-  Micro-Structures 

Although  many  transverse  cracks  and  micro¬ 
voids  can  be  seen  in  2D-C/C,  the  interlaminar 
crack  is  hardly  observed.  On  the  other  hand  in 
the  3D-  LD,  large  scale  debonding  is  observed 
along  the  interfaces  between  fiber  bundles  and 
pure  matrices  and  large  scale  near-closed-voids 
are  been  in  matrix  pockets  formed  between  fiber 
bundles  running  three  dimensionally.  In  3D-HD, 
the  matrix  pockets  almost  filled  with  matrix 
carbon.  See  Fig.  1. 

2-  Tensile  and  Compressive  Properties 

The  comparison  of  tensile  and  compressive 
responses  of  2D-  and  3D-C/Cs  are  shown  in 


Figs.  2  and  3  respectively.  It  can  be  seen  in  these 
figures  that  the  tensile  S-S  curves  of  all  the  test 
materials  exhibited  linear  relation.  On  the  other 
hand  compressive  curves  showed  strong  non¬ 
linearity.  The  tensile  strength  of  3D-LD  was 
slightly  higher  than  3D-HD  but  the  compressive 
strength  showed  opposite  tendency.  The 
tendency  of  the  tensile  strength  is  due  to  higher 
interfacial  strength  of  3D-LD  than  that  of  3D- 
HD  and  compressive  strength  feature  was 
probably  derived  from  internal  deficits. 

3-  Shear  properties 

Shear  S-S  curves  for  all  the  test  materials  are 
compared  in  Fig.4.  It  follows  from  this  figure 
that  2D-C/C  has  relatively  high  strength  with 
low  ultimate  strain.  On  the  other  hand,  3D-C/Cs 
have  low  maximum  stress  and  very  large  fracture 
strain  about  7  %.  It  should  be  noted  that  the  S-S 
curves  for  both  3D  C/Cs  almost  coincided. 

The  repetition  of  shear  loading  and  unloading 
yielded  residual  strain.  The  residual  shear  strains 
of  2D-  and  3D-C/Cs  arc  compared  in  Fig.5  as  a 
function  of  the  maximum  stress  during  each 
lording  and  unloading  cycle.  The  residual  strain 
was  small  in  2D -C/C,  but  was  large  from  the  first 
cycle  and  increased  rapidly  in  3D-C/C.  This 
result  clearly  shows  that  the  shear  deformation  in 
3D-C/C  proceeded  inducing  defects  and  might 
due  to  the  large-scale  interfacial  cracks  induced 
in  the  processing  stage. 

CT  Tests 

Typical  load  and  crack  opening  displacement, 
P-COD,  relations  of  2D-C/C  and  3D-C/C 
obtained  by  compact  tension  tests.  During  the 
measurement  of  3D-LD,  COD  became  huge 
amount  and  a  clip  gage  out-ranged.  Thus  after 
that  only  COD  was  determined  at  the  maximum 
and  minimum  load  of  each  cycle.  The  difference 
of  fracture  behavior  is  observed  not  only 
between  2D -C/C  and  3D-C/Cs  but  also  between 
3D-C/Cs.  In  the  CT  specimens  three  modes  of 
deformation,  tension,  compression  and  shear, 
appear.  As  mentioned  above,  the  shear  S-S  curve 
for  both  3D-C/Cs  is  almost  the  same  and  both 
the  tensile  S-S  curves  are  linear.  Hence  the 
discrepancy  between  the  3D-C/Cs  should  be 
derived  from  that  of  compressive  S-S  curve. 
Actually,  non-linear  stress  analysis  during  CT 
tests  revealed  that  regions  with  compressive 
failure  spread  to  large  area  in  3D-LD  but  not 
large  in  3D-HD.  This  results  is  based  on  the  fact 
that  compressive  strength  of  3D-LD  is  much 
lower  than  3D-HD. 
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Compliance  was  determined  from  the  linear 
region  of  reloading  curve  then  using  Eq.  (1) 
energy  release  rate  during  stable  crack  growth,  G, 
was  calculated  as  a  function  of  crack  extension 
length,  da.  Regarding  to  3D-LD,  determination 
of  G  was  given  up  due  to  the  compressive 
failure.  It  can  be  seen  from  the  comparison  of  Gs 
that  G  for  3D-C/C  is  3  orders  of  magnitude 
higher  than  that  for  2D-C/C. 

From  Eq.  (1)  parameters  directly  affects  G  are 
P  and  dc/da.  Fig.5  shows  the  relation  between 
maximum  load  in  a  cycle,  P,  and  Aa.  Although 
2D-C/C  attained  peak  P  at  1000N,  3D-HD 
maintained  monotonic  increase  in  P.  Thus  the 
characteristics  of  the  curves  are  different  but  this 
difference  can  not  explain  the  3  order 
discrepancy  of  G.  On  the  other  hand,  dc/da-Aa 
relation  yielded  sufficient  difference.  Thus,  the 
main  reason  for  the  large  difference  in  G  is  large 
deformation  of  3D-C/C. 

Discussions 

High  Toughness  Mechanisms  of  3D-C/C 
Main  factor  for  high  toughness  behavior  of 
3D-C/Cs  compared  with  2D-C/C  is  easy 
deformation  of  3D-C/Cs.  This  large  deformation 
is  induced  mainly  by  shear  deformation. 
Residual  CODs  during  CT  tests  and  residual 
shear  strain  for  2D-C/C  and  3D-HD  were 
observed  as  a  function  of  P.  In  these  relations 
both  residual  deformations  show  similar  trend 
and  this  tendency  supports  the  statement  that  the 
large  deformation  during  CT  test  was  induced 
mainly  by  shear.  As  we  discussed  earlier,  easy 
shear  deformation  of  3D-C/C  is  due  to  many 
large-scale  interfacial  cracks.  On  the  other  hand, 
it  was  already  shown  that  thermal  residual 
stresses  in  3 -dimensional  composites  are  much 
higher  than  that  in  2-dimensional  composites.  It 
is  due  to  3  dimensional  constraint  [10].  This 
high  value  of  thermal  residual  stress  induces  the 
interfacial  cracks,  which  induce  easy  shear 
deformation.  In  addition  3-  dimensionally 
entangled  reinforcement  prevent  early  ultimate 
fracture  to  yield  high  deformation  capability. 
Therefore  we  can  conclude  that  3D-C/Cs  have 
easy  shear  deformation  capability  and  exhibit 
high  toughness  behavior. 

Fracture  Mechanics  Approach 

In  the  above  discussion,  we  simply  applied 
fracture  mechanics  procedure  for  the  materials 
include  large  nonlinear  deformation.  It  may  be 
questionable  to  use  fracture  mechanics 
procedure,  in  particular,  for  3D-C/Cs  with  large 


residual  COD.  It  is  clear  by  nonlinear  FEM 
analysis  that  shear  residual  strain  appears  in  3D- 
C/C  even  at  the  free  boundary  of  the  CT 
specimen.  This  suggests  that  if  we  enlarge 
specimen  size,  obtained  toughness  value  should 
be  larger  than  present  ones.  Thus  the  presented 
G  especially  for  3D-C/C  might  be  specimen 
geometry  dependent.  Thus,  we  must  consider 
appropriate  measure  for  this  kind  of  materials. 

Furthermore,  FEM  calculation  revealed  that 
observed  crack  extension  length  did  not  coincide 
with  calculated  one.  We  might  observe  matrix  or 
interfacial  cracking.  Thus,  crack  length  with 
fiber  fracture  might  be  much  smaller.  The  data  in 
this  paper  include  such  kind  of  contradictions. 
Nevertheless,  we  followed  the  fracture 
mechanics  approach.  Because  it  is  meaningful  to 
show  difference  of  fracture  behavior  between 
2D-  and  3D-C/Cs  and  there  is  no  precise 
approach  to  the  authors'  knowledge  to  show 
the  difference. 

Conclusion 

The  following  conclusions  were  obtained 
through  comparison  of  fracture  behavior  of  2D 
and  3D-C/Cs  based  on  the  previous  results. 

1)  Fracture  resistance  of  3D-C/Cs  was  about  3 
orders  higher  than  that  of  2D-C/C. 

2)  Tri-axially  reinforced  3D-C/Cs  have 
extremely  low  shear  resistance  and  high  shear 
deformation  capability. 

3)  High  fracture  toughness  of  3D-C/Cs  is 
attributed  to  the  deformation  characteristic. 
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Abstract 

Thermal  shock  behavior  of 
unidirectional  and  cross -ply  carbon-carbon 
(C/C)  composites  was  experimentally 
examined.  Water  quench  tests  were  carried 
out  with  various  temperature  differences 
(AT)  up  to  1000K.  Results  showed  that 
catastrophic  failure,  usually  observed  in 
monolithic  ceramics  did  not  occur  in  C/C 
composites  even  at  AT  of  1000K,  but 
microscopic  damage,  which  was 
delamination  between  fiber/matrix  interfaces 
and/or  matrix  fracture,  was  observed  near 
the  specimen  surface.  Numerical  analysis 
revealed  that  the  maximum  stress  induced  in 
the  composite  was  much  higher  than  the 
transverse  tensile  strength  of  the  UD  C/C 
composites.  This  implies  that  stress 
relaxation  mechanism  occurred  in  the  C/C 
composites. 

Key  Words:  Carbon-carbon  composites, 
Thermal  shock,  Water  Quench  Test 

Introduction 

Carbon-carbon  (C/C)  composites  are 
attractive  for  use  in  thermostructural 
applications  because  of  their  high 


temperature  mechanical  properties  and 
lightweight.  For  example,  the  interest  of 
aerospace  industries  in  the  composites  as 
turbine  systems,  rocket  propulsion 
components,  and  heat  shields  of  reentry 
vehicles  has  rapidly  increased  [1]. 

In  actual  operation  conditions,  the 
materials  will  be  subjected  to  severe  thermal 
transients,  which  will  induce  considerable 
thermal  stresses.  Because  of  this,  knowledge 
of  thermal  shock  resistance  is  indispensable 
for  structural  design  of  hot  structures. 
However,  thermal  shock  behavior  of 
composites  is  generally  complicated 
compared  with  monolithic  ceramics  [2-4], 
and  is  not  fully  understood  yet.  In  this  study, 
water  quench  tests  were  carried  out  on  the 
unidirectional  and  cross-ply  laminated  C/C 
composites  to  investigate  damages  induced 
by  the  thermal  shock. 

Experimental  Procedure 

Materials  investigated  in  this  study 
were  unidirectional  (UD)  and  Cross-ply 
laminated  (CP)  C/C  composites.  They  were 
reinforced  with  high  modulus  type  of  carbon 
fibers  (Toray  M40)  with  a  total  volume 


609 


fraction  of  50%  (nominal).  They  were 
fabricated  by  the  preformed  yarn  method  [5], 
in  which  the  hot  pressing  temperature  of 
873K  and  the  heat  treatment  temperature  of 
2273K  (Across  co.  ltd.,  Japan). 

The  C/C  composite  plates  were 
machined  into  rectangular  bars,  and  one  end 
of  the  specimens  was  sharpened  as  shown  in 
Fig.l.  The  sharp  tip  is  necessary  to  avoid 
formation  of  thick  air  layers  on  the  specimen 
surface  when  the  specimen  enters  into  water. 
As  already  reported  [6,7],  heat  transfer  at 
specimen  surface  is  increased  by  making  a 
sharp  end  due  to  a  change  in  a  boiling 
condition  on  the  surface.  This  results  in  a 
more  severe  thermal  shock  condition 
compared  with  that  without  the  sharp  end. 

In  the  thermal  shock  tests,  the 
specimen  was  heated  in  an  inert  atmosphere 
and  kept  for  15  min.  at  a  given  temperature 
difference  (a  maximum  of  1000K).  Then, 
the  specimen  was  made  to  fall  freely  and 
stopped  in  the  water  bath.  Both  falling 
height  and  falling  depth  from  the  water 
surface  were  set  to  600  mm  following  the 
Japanese  standard  for  the  thermal  shock  test 
of  ceramics  (JIS-R1615).  In  order  to 
investigate  macro-  and  microscopic  damage 
induced  in  the  composites,  cross  sections  of 
the  specimens  were  observed  by  SEM. 

To  understand  effect  of  the  thermal 
shock  on  mechanical  properties,  Young’s 
modulus  was  measured  before  and  after  the 
quench  by  four-point  flexure  tests  with  a 
sufficiently  low  stress  level  (about  1/20  of 
fracture  stress).  Inner  and  outer  spans  were 
set  to  27  and  81mm.  After  the  quench, 
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Fig.l  Geometry  of  specimen 


fracture  stress  was  also  obtained.  For  the 
fracture  test  of  the  UD  C/C  composites, 
transversely  reinforced  specimens  were 
tested  in  tension,  because  effect  of  the 
damage  was  expected  to  be  easy  to  detect 
compared  with  a  longitudinal  specimen. 

Results  and  Discussion 


Damage  observation 

In  all  the  thermal  shock  tests,  no 
macroscopic  damage  was  observed  for  both 
UD  and  CP  C/C  composite  specimens.  This 
means  C/C  composites  possess  superior 
thermal  shock  resistance  compared  with 
monolithic  ceramics.  Figure  2  shows  cross- 
sectional  views  of  UD  C/C  composites 
before  and  after  the  quench  at  AT  of  1000K. 
Compared  with  the  specimen  before  the 
quench,  fracture  of  matrix  and/or 
delamination  at  fiber/matrix  interface  was 
observed  near  the  surface  of  the  quenched 
specimen.  They  were  clearly  observed  in  the 
magnified  view  (Fig.3).  The  same  type  of 
micro-damage  was  observed  in  all  the  UD 
and  the  CP  specimen  at  all  AT.  Although 
the  area  of  the  micro-damage  could  not  be 


Fig.2  Cross-sectional  view  of  UD  C/C 
composites  (a)  before,  and  (b)  after 
thermal  shock 
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5  |im 

Fig.3  Magnified  view  of  micro-damage 

in  UD  C/C  composites 

obtained  quantitatively  due  to  the  diffculity 
in  determination  of  boundaries,  the  area 
tended  to  increase  with  increasing  AT. 

Mechanical  Properties 

Figure  4  (a)  shows  change  in  the 
longitudinal  Young’s  modulus  (E)  and  the 
transverse  tensile  strength  (g f)  of  the  UD 
C/C  composites.  Young’s  modulus  kept  its 
original  value  even  after  the  thermal  shock 
test  up  to  AT  of  1000K.  Furthermore,  as 
shown  in  Fig.4  (b),  Young’s  modulus  was 
not  degraded  even  after  the  cyclic  thermal 
shock  test  at  AT  of  1000K.  It  is  reasonable 
to  think  that  the  fibers  in  the  composite  were 
intact  even  after  the  thermal  shock,  though 
the  micro-damage  was  introduced  in  the 
matrix  and/or  the  interface.  Similarly,  the 
transverse  tensile  strength  (Gf)  was 
unaffected  by  the  thermal  shock  as  shown  in 
Fig.4  (a),  although  Gf  must  be  controlled  by 
the  strength  of  the  matrix  and/or  the 
interface.  One  possible  reason  is  that  the 
critical  flaw  controlling  Gf  was  larger  than 
the  damage  introduced  by  the  thermal  shock. 
It  was  reported  that  the  as-received  UD  C/C 
composites  contains  cracks  with  maximum 
size  of  about  0.4  mm  [8].  Since  the  damage 
introduced  by  the  thermal  shock  was  much 
smaller  than  0.4  mm,  Gf  was  expected  to  be 
unaffected  by  the  thermal  shock. 

As  in  the  case  of  UD  C/C  composites, 
the  CP  C/C  composites  showed  no 
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Fig.4  Effect  of  thermal  shock  on 
mechanical  properties  of  UD  C/C 
composite,  (a)  Effect  of  AT,  (b)  Effect 
of  thermal  shock  cycle 


degradation  in  Young’s  modulus  and 
bending  strength  even  after  the  cyclic 
thermal  shock  at  AT  of  1000K.  These  results 
showed  that  the  C/C  composites  posses 
superior  thermal  shock  resistance. 


Transient  Thermal  Stress  Analysis 

For  estimating  the  thermal  stress 
induced  in  the  specimen,  finite  element 
analyses  were  carried  out.  Linear  elastic 
two-dimensional  model  was  used  assuming 
the  plane  strain  condition.  The  cross-section 
was  modeled  using  8-nodes  isoparametric 
elements.  Temperature  dependence  of 
transient  heat  flow  on  the  specimen  surface 
was  obtained  independently  from  the 
experiments  using  silver  specimens  with  a 
thermocouple  [9],  Temperature  dependence 
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of  Young’s  modulus,  coefficient  of  thermal 
expansion,  and  thermal  conductivity  was 
also  considered  referring  to  the  experimental 
results  previously  reported  for  the  same 
materials  [10]. 

The  calculated  maximum  thermal 
stresses  induced  in  the  UD  C/C  composites 
are  shown  in  Fig.5.  Even  at  AT  around  200K, 
the  maximum  thermal  stress  exceeds  the 
transverse  tensile  strength  of  the  UD  C/C 
composites.  This  means  the  maximum  stress 
cannot  predict  the  macroscopic  thermal 
shock  fracture.  This  must  be  because 
transient  thermal  stress  was  relaxed  by  the 
formation  of  the  microscopic  damage  area. 
This  is  a  unique  stress  relaxation  mechanism 
to  the  composites. 

Conclusions 

Thermal  shock  resistance  of  UD  and 
cross-ply  C/C  composites  was  investigated 
by  the  water  quench  tests.  Even  at  AT  of 
1000K,  no  macroscopic  damage  was 
introduced  in  the  C/C  composites,  although 
microscopic  damage  was  observed  near  the 
surface. 

The  results  of  thermal  stress  analyses 
suggested  that  the  formation  of  the 
microscopic  damage  introduced  near  the 
surface  was  a  unique  stress  relaxation 
mechanism  to  the  composites. 
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Abstract 

A  recovery  treatment  of  fracture  origins 
has  been  developed  for  C/C  composites 
applied  for  aerospace  and  rapid  transit 
engineering  by  using  sheet  electron  beam 
irradiation.  The  EB  irradiation  of  150  Mrad 
largely  enhanced  spring  constant  and 
resistance  to  compressive  stress. 

Key  Words:  C/C  composite,  spring  constant, 
Electron  beam  irradiation 

Introduction 

C/C  composites  have  been  applied  as 
high-strengthened  light  structural  materials 
in  the  fields  of  aerospace  and  rapid  transit 
engineering  [1,2].  Furthermore,  in  the  first 
step  in  producing,  it  is  often  difficult  to 
handle  the  fractured  fibers  in  the  bundling 
machine,  because  carbon  fiber  often 
fractured.  Since  carbon  atoms  diffuse  at  high 
temperatures,  heat  treatment  is  typically  used 
to  enhance  the  fracture  stress  of  carbon  fiber 

[3] .  Such  carbon  atom  migration  probably 
reconnected  the  separated  crack  planes  near 
the  crack  tips  and  might  occupy  free  volume 

[4]  in  glassy  structure.  Thus,  the  crack  tips 
became  dull,  and  then  the  inter-atomic 
bonding  density  became  high  in  carbon  fiber, 
simultaneously.  However  a  traditional 


recovery  process  usually  takes  long  time  for 
heat  treatment.  In  order  to  modify  the 
fracture  strain  for  short  time  at  lower 
temperature,  carbon  fiber  has  been  often 
treated  with  electron  beam  (EB)  irradiation 

[5].  Electron  beam  (EB)  irradiation  of  high 
electrical  potential  (170  kV)  is  used  to 
migrate  carbon  atoms  in  a  carbon  fiber. 
Namely,  the  EB  irradiation  not  only 
enhanced  the  fracture  strain,  but  also  may 
enlarge  the  tensile  strength  on  fracture.  If  the 
EB  treatment  can  be  also  effective  for  C/C 
composite  spring,  it  can  be  applied  for 
aerospace  and  rapid  transit  engineering. 
Thus,  the  purpose  of  the  present  work  is  to 
study  effects  of  EB  treatment  on  spring 
constant  and  resistance  to  compressive  stress 
of  C/C  composite  spring. 

Experimental  Procedure 

The  C/C  composite  spring  (Dr.  Takao 
Nakagawa,  President,  Across  Ltd,  16-27, 
Nishiki-cho  2,  Warabi,  Saitama,  JAPAN, 
E-mail:across@sannet.  ne.jp)  is  shown  in 
Figure  1 .  The  sizes  were  50  mm  in  diameter 
and  25  mm  in  length.  HIP  treatment  was 
performed  for  7  hour  from  673  to  873K  under 
11.8MPa.  After  that,  heat  treatment  was 
performed  at  elevated  temerature  up  to  2273 
K  under  Ar  atmosphere,  where  the  heating 
rate  was  20  deg/hour. 
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Table  1.  Condition  of  EB  irradiation 


Figure  1  Schematic  drawing  of 
C/C  composite  spring 


The  sheet  electron  beam  irradiation  was 
homogeneously  performed  using  an  electron 
-  curtain  processor  (Type  CB 175/1 5/1 80L, 
Energy  Science  Inc.,  Woburn,  MA)[5-8]. 

The  acceleration  potential  and  the 
irradiating  current  density  were  1 70  kV  and 
0.89  x  lO'^mA/cm^,  respectively.  The  EB 
treatment  was  applied  intermittently  (i.e.,  not 
continuously).  The  conveyer  speed  was  10 
m/min.  Irradiation  time  was  kept  constant  at 
0.23  s  in  order  to  control  the  temperature  in 
each  of  the  four  samples.  The  temperature  of 
the  sample  was  below  323  K  just  after  the  EB 
irradiation.  The  irradiation  dose  was 
controlled  by  the  integrated  irradiation  time 
in  each  of  the  samples.  Here,  the  total  amount 
of  absorbed  dose  value  was  converted  by  the 
absorbed  dose  of  the  distillation  water. 
Although  the  EB  generation  was  in  vacuum, 
the  irradiated  specimen  was  kept  under 
protective  nitrogen  at  atmospheric  pressure 
in  the  apparatus.  Namely,  specimen  was 
irradiated  by  electron  beam  through  the 
titanium  thin  film  window  attached  to 
vacuum  chamber  (240  mm  in  diameter).  The 
distance  between  sample  and  window  is  35 
mm.  The  oxygen  concentration  was  less  than 
400  PPM  in  this  atmosphere. 


Acceleration 

potential 

170  kV 

Irradiating  current 

2.0  mA 

Irradiation  dose 

0  Mrad 

51.84  Mrad 

151.20  Mrad 

250.56  Mrad 

Atmosphere 

Nitrogen  with  atmospheric  pressure 

Oxygen  concentration  is  less 

than  400  ppm 

To  evaluate  compressive  strength  on 
elasticity,  a  compression  test  was  performed. 
Figure  2  shows  schematic  drawing  of 
compression  test  of  C/C  composite  spring. 
The  C/C  composite  spring  on  fixed  stand  was 
homogeneously  compressed.  The  stress  rate 
was  3.3  XI 0*2  N/s. 


■  Compressive 
load 


Figure  2  Schematic  drawing  of 
compressive  test  of  C/C  composite  spring. 


614 


Results  and  Discussion 

The  compressive  test  was  performed  below 
15  kPa.  Figure  3  shows  compressive 
stress-strain  curve  of  C/C  composite  springs 
before  and  after  EB  irradiation.  The 
compressive  strain  enhanced  the  resistance  to 
compressive  stress.  Although  the  steep  slope 
above  0.12  of  strain  was  observed  in  the 
untreated  C/C  spring,  the  dull  slope  of  initial 
curve  below  0.12  of  strain  was  found.  The 
EB  treatment  enhanced  the  resistance  to 
compressive  stress  below  5  kPa,  as  shown  in 
Figure  3.  On  the  other  hand,  the  steep  slopes 
of  curves  above  5  kPa  were  observed  in  all 
C/C  springs  at  different  EB  doses.  Namely, 
the  EB  treatment  enhanced  the  spring 
elasticity.  The  spring  compressive  elasticity 
for  the  treated  sample  (151.20  Mrad)  is  about 
170%  larger  than  that  for  untreated  sample. 


Figure  3  Compressive  stress  -  strain 
curve  of  carbon-carbon  composite  spring 
samples. 


Figure  4  shows  change  in  resistance  to 
compressive  stress  against  irradiation  dose  at 
different  compressive  strains.  Although  the 
EB  irradiation  slightly  enhanced  the 
resistance  to  compressive  stress  at  0.05  of 
compressive  strain,  the  EB  irradiation  below 
1 50  Mrad  strongly  enhanced  the  resistance  to 
compressive  stress  above  0.15  of 
compressive  strain.  Increase  in  resistance  to 
compressive  stress  was  5  kPa  below  150 
Mrad. 

Figure  5  shows  change  in  the  spring 
constant  of  C/C  composite  spring  against  EB 
irradiation  dose.  The  EB  treatment  of  150 
Mrad  enhanced  spring  constant  from  1.0  to 
2.0  N/mm  of  C/C  composite  spring. 

The  excess  EB  irradiation  of  250.56  Mrad 
slightly  decreased  resistance  to  compressive 
stress  (see  Fig.  4)  and  spring  constant  (see 
Fig.  5). 

If  the  EB  treatment  forcibly  diffuses 
carbon  atoms  into  free  volume  and 
incoherent  interface  because  of  high 
electrical  potential  (170  kV),  such  carbon 
atom  migration  probably  decreased  the 
dangling  bonds,  dulled  the  edge  of  sharp 
crack  tips  and  probably  reconnected  the 
separated  crystal  planes  near  the  crack  tips. 
In  order  to  evaluate  the  inter-atomic  bonding 
density,  density  of  dangling  bonds  (DDB: 
mol'1)  is  obtained  by  dangling  bond  signals 
of  graphite,  which  can  be  detected  by  means 
of  electron  spin  resonance  (ESR) 
spectrometer  [5].  Here  the  microwave 
frequency  range  used  in  the  ESR  analysis 
was  the  X-band.  The  field  modulation  was 
100  kHz.  Spin  density  was  calculated  using  a 
Mn2+  standard  sample.  The  EB  irradiation 
decreased  the  density  of  dangling  bond  (spin) 
[5].  Namely,  the  EB  treatment  forcibly 
diffused  carbon  atoms  to  free  volume, 
incoherent  interface  and  increased  the 
inter-atomic  bonding  density  in  carbon  fiber. 
Therefore,  the  EB  irradiation  of  150  Mrad 
largely  enhanced  spring  constant  and 
resistance  to  compressive  stress  of  C/C 
composite  spring. 
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Compressive  stress  a  (kPa) 


Conclusions 


c  =  0.05 
— e  =  0.15 
c  =  0.25 


0> - 1 - 1 - 1 

0  100  200  300 

Irradiation  dose  (Mrad) 

Figure  4  change  in  compressive  stress 
against  irradiation  dose  at  different 
compressive  strains. 


Figure  5  Change  in  spring  constant  of 
C/C  composite  spring  against  EB 
irradiation  dose. 


A  recovery  treatment  of  fracture  origins  has 
been  developed  of  C/C  composite  spring  by 
using  sheet  electron  beam  irradiation.  When 
the  EB  treatment  is  performed,  the 
compressive  strength  of  C/C  composite 
spring  was  improved.  The  EB  irradiation  of 
150  Mrad  largely  enhanced  resistance  to 
compressive  stress  and  spring  constant.  On 
the  other  hand,  excess  EB  irradiation  (250 
Mrad)  slightly  decreased  compressive  stress 
and  spring  constant. 
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Abstract 

In  order  to  improve  tensile  strength  of 
carbon/carbon  composites  (C/Cs),  it  is 
important  to  clarify  their  tensile  failure 
mechanisms.  In  the  present  paper,  the  tensile 
strength  of  C/Cs  was  intentionally  changed  by 
varying  density  and  heat  treatment  temperature. 
Then,  the  tensile  failure  mechanisms  of  these 
C/C  composites  were  discussed  based  on  the 
experimental  evidence.  It  was  concluded 
through  the  discussion  that  in  high  density  C/Cs 
tensile  strength  was  mainly  ruled  by  the 
interfacial  bonding  between  the  fiber  and 
matrix.  On  the  other  hand  in  low  density  C/Cs, 
tensile  fracture  was  controlled  by  load  transfer 
capability  within  the  matrix. 

Key  Words:  C/C  composite,  Tensile  strength, 
Bulk  density,  Heat  treatment  temperature. 

INTRODUCTION 

Carbon  fiber  reinforced  carbon  matrix 


composites  (C/Cs)  usually  possess  a  much 
lower  strength  than  that  expected  from  the  rule 
of  mixture.  For  example,  the  ultimate 
elongation  of  typical  C/Cs  is  only  30-50%  of 
that  of  reinforcing  fibers.  Hence,  it  is  extremely 
important  for  the  improvement  of  C/C  strength 
to  understand  mechanisms  yielding  such 
strength  degradations.  In  the  present  study, 
special  attention  was  placed  on  the  effect  of  the 
bulk  density  and  heat-treatment-temperature  of 
the  C/Cs  on  the  tensile  fracture  strain.  In 
addition,  the  effect  of  the  interfacial  strength  on 
the  tensile  strength  of  the  C/Cs  was  attempted 
to  be  evaluated. 

EXPERIMENTAL 
1.  MATERIALS 

Two  types  of  carbon  fibers,  high  strength 
(IM600-6K  by  Toho-rayon  co.  Ltd.)  and  high 
modulus  types  (UM46-6K  by  Toho-rayon  co. 
Ltd.),  were  examined  for  the  reinforcements  of 
C/Cs.  All  the  C/Cs  had  cross-ply  lamination 
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and  a  total  fiber  volume  fraction  of  60%.  The 
precursor  of  all  the  C/Cs  were  phenol-matrix 
CFRP  carbonized  at  1273K.  Then  half  of  the 
carbonized  C/Cs  were  re-impregnated  with 
phenol  resin,  re-carbonized  at  1273K,  and  heat- 
treated  at  2273K.  This  cycle  was  repeated  1  to  6 
times.  After  the  carbon  impregnation,  the  C/Cs 
were  heat  treated  at  2573K,  2873K,  and  3273K 
to  compare  the  tensile  properties.  The 
remaining  halves  were  applied  HIP  (Hot 
Isostatic  Pressing)  processing  from  1  to  5  times 
and  heat-treated  at  2573K.  For  the  HIP  process, 
pitch  was  used  for  matrix-precursor. 

2.  TENSILE  TEST 

Tensile  strength  and  fracture  strain  of  the 
C/Cs  were  measured  using  an  INSTRON  type 
tensile  testing  machine.  The  specimens  of  the 
tensile  tests  were  a  strip-of-paper  type  with 
200mm  length,  10mm  width,  and  1.5mm 
thickness.  Aluminum  tabs  with  a  length  of 
60mm  and  a  thickness  of  1mm  were  glued  on 
the  gripping  portions  of  the  IM600-C/Cs.  In 
contrast,  for  UM46-C/C,  aluminum  tabs  was 
required  80mm  in  length  to  prevent  tab 
debonding. 

RESULTS  AND  DISCUSSION 

A  relation  between  bulk  density  and  tensile 
strength  of  IM600-C/C  was  shown  in  Fig.l.  As 
shown  in  this  figure,  the  tensile  strength  of 
HIPed  IM600-C/Cs  has  decreased  with 
increase  in  bulk  density  (1.7~2.0g/cm).  This  is 
caused  by  strengthening  of  fiber/matrix 
interface  bonding  with  repetition  of  the  HIP 
process  [1].  This  feature  of  tensile  fracture  is 
similar  to  that  in  long  fiber  reinforced  ceramic 


matrix  composites.  On  the  other  hand,  in  the 
low  density  region  of  1.3~1.7g/ciri,  the  tensile 
strength  of  IM600-C/Cs  increased  with 
increasing  bulk  density. 

The  relation  between  the  bulk  density  of 
IM600-C/C  and  fracture  strain  was  shown  in 
Fig.  2.  In  the  low  density  region  of  1 .3~1.7g/cni, 
fracture  strain  remained  almost  constant  value. 
This  indicates  that  the  strength  rise  by  the 
density  rise  of  low  density  C/C  is  principally 
due  to  the  increase  in  Young's  modulus.  In  Fig. 
3,  the  effect  of  filling  matrix  carbon  to  defects 
in  the  C/Cs  is  calculated.  As  this  figure  shows, 
the  filling  effect  cannot  explain  the  increase  in 
Young's  modulus.  When  bulk  density  is 
extremely  low,  the  matrix  in  C/C  only  partially 
restrains  the  fiber  as  shown  in  Fig.4.  Therefore, 
if  a  tensile  load  is  applied,  the  load  is  supported 
only  by  straight  fibers  but  not  by  curved  fibers. 
As  the  bulk  density  rises,  the  load  transfer 
capability  by  the  matrix  gradually  comes  out. 
Then  load-bearing  capability  gradually  appears 
in  the  curved  fibers.  Thus  this  effect  has 
capability  to  explain  the  increase  in  Young's 
modulus. 

Concerning  to  the  effect  of  heat  treatment 
temperature,  HTT,  the  tensile  strength  of 
IM600  C/Cs  monotonically  decreased  with 
HTT  as  shown  in  Fig.l  and  2.  During  the  HTT, 
the  diameter  of  carbon  fiber  was  found  to 
decrease  and  fiber  cross-sections  were  distorted 
as  shown  in  Figs.  5, 6,  and  7.  By  these  changes, 
the  fibers  might  be  damaged  and  deterioration 
the  fiber  strength  was  supposed  to  occur.  It  is 
noted  here  that  the  HTT  of  IM600  during  the 
fiber  production  stage  might  be  1500-1800  K, 
which  is  much  lower  than  HTT  in  the  present 


study.  Hence  the  deterioration  of  fiber  with 
high  temperature  HTT  is  easily  understandable. 

The  relation  between  the  bulk  density  and 
tensile  strength  of  UM46-C/Cs  is  shown  in  Fig. 
8.  As  shown  in  this  figure,  the  tensile  strength 
of  UM46-C/Cs  increased  with  density  up  to 
1.7g/cm.  This  is  the  same  behavior  as  that  of 
IM600-C/Cs.  However,  strength  degradation  is 
not  clearly  seen  in  terms  of  HTT.  It  is  due  to 
high  heat  treatment  temperature  of  UM46  when 
it  was  fabricated.  Although  change  of  a  fiber  / 
matrix  interface  was  expected  during  HTT,  the 
interfacial  bonding  strength  might  not  be 
changed.  The  matrix  precursor  of  the  present 
C/Cs  was  phenolic  resin  and  the  resin  tends  to 
yield  glassy  carbon  matrix.  Thus  prompt 
graphitization  should  be  extremely  difficult  [2]. 
On  the  other  hand,  a  pitch  or  CVI  is  reported  to 
be  easy  to  form  graphite  upon  heat  treatment. 
Therefore,  if  the  same  examination  as  this 
research  is  performed  by  pitch,  interfacial 
bonding  strength  control  might  become 
possible. 
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Fig.l  Tensile  strength  as  a  function  of  bulk  density 
of  JM600-C/C  composites 


Fig.2  Fracture  strain  as  a  function  of  bulk  density 
of  IM600-C/C  composites 


Fig.3  Young's  modulus  as  a  function  of  bulk  density 
of  IM600-C/C  composites 
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Abstract 

Metal  matrix  composites  (MMCs)  are 
metals  that  are  reinforced  with  fibers  or 
particles  to  improve  or  tailor  properties  such 
as  stiffness,  strength,  thermal  conductivity, 
thermal  expansion,  friction,  and  wear 
resistance.  Corrosion  resistance  is  normally 
given  secondary  consideration,  and  therefore, 
it  is  not  uncommon  for  MMCs  to  possess  low 
corrosion  resistance  resulting  in  their 
restricted  usage.  The  corrosion  resistance  of 
MMCs  is  usually  inferior  to  that  of  their 
monolithic  matrix  alloys.  Overviews  and 
examples  on  the  corrosion  mechanisms 
affecting  MMCs  will  be  presented. 

Key  Words:  Corrosion,  Metal-Matrix 
Composites 

Introduction 

Research  devoted  to  corrosion 
behavior  of  MMCs  has  been  sparse  in 
comparison  to  research  on  fabrication  and 
mechanical  properties.  MMCs  typically  have 
been  designed  for  superior  properties  over 
monolithic  materials,  but  not  for  resistance  to 
environmental  degradation.  Consequently, 
MMC  corrosion  is  not  well  understood,  and 
some  MMCs  have  very  low  resistance  to 
corrosion  and  undergo  severe  degradation. 

The  presence  of  the  reinforcement 
fibers  and  particles  and  the  processing 
associated  with  MMC  fabrication  can  cause 
accelerated  corrosion  of  the  metal  matrix  in 


comparison  to  the  monolithic  matrix  alloy. 

Sources  of  Corrosion  in  MMCs 

Accelerated  corrosion  in  MMCs  may 
originate  from  electrochemical,  chemical, 
and  physical  interaction  between  MMC 
constituents;  and  from  processing  related 
problems.  The  primary  sources  of  MMC 
corrosion  that  will  be  discusses  are  1) 
galvanic  interaction  between  MMC 
constituents;  2)  chemical  dissolution  of 
interphases;  3)  physical  presence  of  the 
reinforcements;  and  4)  processing  related 
problems. 

Galvanic  Corrosion 

Galvanic  corrosion  between  the  matrix  and 
reinforcements  or  interphases  is  one  of  the 
primary  concern  regarding  the  corrosion 
behavior  of  MMCs.  The  rate  of  galvanic 
corrosion  is  governed  by  the  type  of 
reinforcement  and  matrix  material,  the 
environment,  and  the  amount  of 
reinforcement  particles  or  fibers. 

Galvanic  corrosion  is  particularly  a 
concern  for  active  metals  (in  environments 
not  conducive  to  passivation)  that  are 
reinforced  with  conductive,  noble  fibers  or 
particles.  For  example,  6061-T6  A1  would 
have  galvanic  corrosion  rates  approximately 
three  orders  of  magnitude  higher  than  that  of 
Ti- 1 5 V-3 Cr-3 Sn-3 A1  (Ti  15-3)  if  reinforced 
with  an  equal  area  fraction  of  graphite  (Gr) 
fibers  and  exposed  to  aerated  3.15  wt%  NaCl 
(Figure  1).  The  intersection  of  the  anodic 
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polarization  curve  of  the  matrix  metal  and 
the  cathodic  polarization  curve  of  the 
reinforcement  indicates  the  magnitude  of  the 
galvanic  corrosion  current  density  Ogalv). 


Log  I  [A/cm2] 


Figure  1:  Anodic  polarization  diagrams  of 
Ti  15-3  [1]  and  6061-T6  A1  [2]  in  deaerated 
3.15  wt%  NaCl  at  30°C.  Cathodic 
polarization  diagram  of  PI 00  Gr  fibers  [2]  in 
aerated  3.15  wt%  NaCl  at  30°C.  Scan  rate  = 
0.1  mV/sec. 

Galvanic  corrosion  rates  may  also  be 
sensitive  to  dissolved  oxygen  depending  on 
the  matrix  material  and  reinforcement.  The 
polarization  diagrams  (Figure  2)  indicate  that 
the  galvanic  corrosion  rate  for  6061-T6  A1 
coupled  to  carbon-cored  SiC  monofilaments 
with  filament  ends  exposed  (SICmf)  in  3.15 
wt%  NaCl  would  increase  by  approximately 
two  orders  of  magnitude  when  the  solution  is 
oxygenated. 


-6.S  -6  -5.5  -5  -4.5  -4  -3.5  -3  -2.5 


Log  l  [A/cm2] 

Figure  2:  Anodic  polarization  diagram  of 
6061-T6  A1  in  deaerated  3.15  wt%  NaCl  at 
30°C  [2].  Cathodic  polarization  diagrams  of 
SiCiviF  in  deaerated  and  oxygenated  3.15  wt% 
NaCl  at  30°C.[3]  Scan  rate  =  0.1  mV/sec. 

The  electrolyte  may  also  have 
significant  effects  on  galvanic  corrosion 
rates.  Figure  3  demonstrates  that  the 
galvanic  corrosion  rate  for  6061-T6  A1 
coupled  to  Gr  fibers  in  aerated  3.15  wt% 


NaCl  is  significantly  greater  than  that  in  0.5 
M  Na2S04. 
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Figure  3:  Anodic  polarization  diagram  of 
6061-T6  A1  in  deaerated  3.15  wt%  NaCl  and 
0.5  M  Na2S04  at  30° C. [2]  Cathodic 
polarization  diagram  of  PI 00  Gr  fibers  in 
aerated  3.15  wt%  NaCl  at  30°C.  [2]  Scan 
rate  =  0.1  mV/sec. 

The  type  of  reinforcement  also  has  a 
significant  affect  on  the  anticipated  rate  of 
galvanic  corrosion  between  the  matrix  and 
reinforcement  materials.  It  is  indicated  in 
Figure  4  that  the  galvanic  corrosion  rate 
between  6061 -T6  A1  and  the  various 
reinforcements  would  ranked  from  highest  to 
lowest  in  aerated  3.15  wt%  NaCl  as  follows: 
PI 00  Gr  >  carbon-cored  SiCMF  with  ends 
exposed  >  tungsten-cored  boron  MF  (Bmf) 
with  ends  exposed  >  hot-pressed  (HP)  SiC  > 
Si.  The  galvanic  corrosion  rate  can  also 
significantly  increase  as  the  area  fraction  of 
the  reinforcements  increase. 

Chemical  Dissolution  of  Interphases 
Degradation  of  MMCs  may  also  occur  by 
chemical  rather  than  electrochemical 
reactions.  Certain  types  of  reinforcement 
phases  and  interphases  may  undergo 
chemical  degradation,  which  cannot  be 
predicted  using  electrochemical  analysis. 
For  example,  in  MMCs  containing  A1  and 
carbon,  the  formation  of  the  A!4C3  interphase 
can  be  problematic,  since  it  readily 
hydrolyses  in  water  to  form  methane  gas 
(Figure  5). 

Physical  Presence  of  Reinforcements 
The  physical  presence  of  the  reinforcements 
may  also  have  secondary  effects  on  MMC 
corrosion.  The  reinforcements,  which  are 
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usually  inert  in  comparison  to  the  matrix,  are 
often  left  in  relief  as  the  matrix  corrodes 
leaving  behind  a  network  of  crevices  that 
trap  corrosion  products  and  exacerbate 
corrosion.  In  Si/Al  MMCs,  for  example, 
localized  anodic  regimes  spread  over  the 
MMC  surface  in  0.5  M  Na2SC>4  in  which 
aluminum  should  passivate.  It  was  likely 
that  corrosion  products  trapped  in  the 
crevices  formed  by  the  network  of  particles 
in  relief  acidified  the  solution  and  prevented 
passivation  (Figure  6). 


Log  i  [A/cm*] 


Figure  4:  Anodic  polarization  diagram  of 
6061-T6  A1  [2]  in  deaerated  3.15  wt%  NaCl 
at  30°C.  Cathodic  polarization  diagrams  of 
PI 00  Gr  fibers  [2],  SiC  monofilament  (MF) 
[1],  boron  MF,  hot-pressed  (HP)  SiC  [2],  and 
Si  [4]  in  aerated  3.15  wt%  NaCl  at  30°C. 
Scan  rate  =  0.1  mV/sec. 


Figure  5:  Hydrolysis  of  hot-pressed  AI4C3 
immersed  in  pure  water.  [2] 

Processing  Related  Problems 
These  problems  do  not  directly  arise  from  the 
reinforcement,  the  matrix  alloy,  or  the 
interaction  between  the  reinforcement  and 
matrix  alloy.  Problems  in  this  category  may 
include  corrosion  induced  by  contaminates  or 
residuals  of  processing,  or  by  corrosion 
exacerbated  by  less  than  ideal  processing 
conditions. 


An  example  are  some  types  of  Gr/Al 
MMCs  that  were  found  to  have  been 
contaminated  with  microstructural  chlorides 
during  processing.  [2]  Figure  7  and  8  show 
two  Gr/Al  MMC  samples  processed  by  the 
same  method  that  have  been  stored  in 
identical  laboratory  air  for  over  10  years. 
The  sample  in  Figure  7  shows  extensive 
degradation;  whereas  that  in  Figure  8  is 
relatively  free  from  degradation,  indicating 
the  sensitivity  of  corrosion  performance  of 
these  MMCs  to  processing  parameters. 


Figure  6:  Region  of  localized  corrosion  on 
Si/Al  MMC  exposed  for  120h  in  aerated  0.5 
M  Na2SC>4  at  30°C  in  the  open-circuit 
condition.  [4] 

The  presence  of  microstructural 
chlorides  in  the  Gr/Al  MMCs  were 
confirmed  during  microscopy  analyses  and 
evident  in  anodic  polarization  diagrams.  [5] 
Figure  9  shows  an  anodic  mixed-electrode 
polarization  diagram  that  was  constructed 
using  the  mixed-potential  theory  (MPT)  and 
the  polarization  diagrams  of  6061-T6  A1  and 
PI 00  Gr  exposed  to  0.5  M  Na2SC>4.  The 
MPT-generated  diagram  (Figure  9)  shows 
that  a  6061-T6  A1  matrix  should  passivate 
during  the  anodic  scan.  The  anodic 
polarization  diagram  of  the  actual 
Gr/6061-T6  A1  MMC,  however,  showed  that 
pitting  is  induced  at  approximately  -0.6  Vsce- 
Buonanno  [6]  verified  that  Gr/Al  MMCs  free 
of  microstructural  chlorides  (processed  using 
pressure  infiltration)  have  polarization 
diagrams  resembling  that  of  the  mixed- 
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electrode  model.  Other  types  of  MMCs  have 
also  shown  behavior  as  predicted  by  the 
MPT:  Particulate  Si/Al  MMCs  (Figure  10) 
and  SiCMF/Ti  15-3  (Figure  1 1). 


Figure  7:  Gr/Al  MMC  disintegrating  in 
laboratory  air.  Greater  than  10  years 
exposure. 


Figure  9:  Anodic  polarization  diagrams  of 
P100  Gr,  monolithic  6061-T6  Al,  and  an 
actual  Gr(P  1 00)/606 1 -T6  Al  MMC  exposed 
to  deaerated  0.5  M  Na2S04  at  30°C.  The 
discrepancy  between  the  polarization 
diagram  generated  by  the  MPT  and  that  of 
the  actual  MMC  is  due  to  microstructural 
chlorides.  Scan  rate  =  0.1  mV/sec.  [5] 


Log  i  [A/cm2] 


Figure  10:  Anodic  polarization  diagrams  of 
Si,  pure  Al,  an  Si/Al  MMC,  and  that  gener¬ 
ated  with  the  MPT  exposed  to  deaerated  0.5 
M  Na2S04  at  30°C.  Scan  rate  -  0.1  mV/s.  [4] 


Figure  1 1 :  Anodic  polarization  diagrams  of 
SiCMF,  Ti  15-3,  an  actual  S\CM?/T\  15-3 
MMC,  and  that  generated  with  the  MPT  ex¬ 
posed  to  deaerated  3.15  wt%  NaCl  at  30°C. 
Scan  rate  =  0.1  mV/sec.  [1] 

Summary 

The  corrosion  of  MMCs  are  usually 
more  severe  than  their  monolithic  matrix  al¬ 
loys,  and  therefore,  these  materials  must  be 
thoroughly  studied  and  understood  before 
they  can  be  safely  put  into  service. 
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Figure  8:  Gr/Al  MMC  similar  to  that  in 
Figure  7  with  over  10  years  exposure  in 
laboratory  air,  but  with  no  visual  signs  of 
degradation. 
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Abstract  Introduction 


Silicon  carbide  fiber  (SCS-6) 
reinforced  Ti-4.5Al-3V-2Fe-2Mo  (SP-700) 
composites  were  manufactured  by  spray¬ 
winding  process,  which  is  a  potential  low 
cost  manufacturing  process,  and  their 
mechanical  properties  were  evaluated  in 
comparison  with  conventional  foil-fiber-foil 
process.  The  ultimate  tensile  strengths  to 
fracture  of  the  spray  composites  were  much 
lower  than  those  of  foil  composites.  The  low 
tensile  strengths  of  spray  composites  may 
result  from  contamination  of  matrix  brought 
by  powder  material  and  spraying  process. 

However,  the  tensile  strengths  of 
spray  composites  did  not  improve  even  after 
the  contamination  was  suppressed  by 
controlling  spray  atmosphere.  The  fracture 
surfaces  of  tensile  test  specimens  of  the  spray 
composites  showed  separation  of  interface 
between  fiber  and  matrix,  which  is  not, 
observed  in  foil  composites.  Not  only  matrix 
contamination  but  also  other  factors  such  as 
interfacial  strength  would  affect  the  lower 
tensile  strengths  of  spray  composites. 

Key  Words:  Continuous  Fiber,  Titanium 
Matrix  Composite,  Spray,  Manufacturing 


Continuous  fiber  reinforced  titanium 
matrix  composites  are  attractive  as  potential 
aerospace  structural  material  due  to  their 
high  specific  mechanical  properties  and 
improved  high  temperature  capability0. 
Particularly,  when  the  fan  rotor  ring  is 
reinforced  by  TMCs  in  the  hoop  direction, 
weight  saving  of  more  than  30%  has  been 
expected.  In  the  Japanese  government 
support  program,  manufacturing  process  of 
TMC  ring  is  being  researched  and  developed. 

Spray-winding  process  is  one  of  the 
most  cost  effective  manufacturing  process. 
Actually  the  manufacturing  cost  of  TMC 
ring  has  been  demonstrated  to  be  reduced  by 
60%  by  applying  spray  winding  process, 
compared  with  conventional  foil-fiber-foil 
process.  The  problem  of  the  spray  winding 
process  is  degradation  of  mechanical 
properties  caused  by  matrix  contamination. 
However,  the  tensile  strengths  of  the  spray 
composites  (Ti-6242/SCS-6,  vol  %  fiber, 
from  35  to  40  %)  were  shown  to  be  in  the 
range  from  1540  to  1930  MPa,  by 
maintaining  contamination  levels  to  be  less 
than  1500  ppm2).  In  this  paper,  SiC  fiber 
reinforced  titanium  matrix  composites  were 
manufactured  by  spray-winding  process  with 
a  control  of  atmosphere  to  suppress  the 
contamination  and  their  mechanical 
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properties  were  evaluated. 

Experimental  Procedure 
Materials 

The  reinforcements  used  in  this  study 
were  the  SCS-6,  which  is  continuous  silicon 
fiber  with  an  average  diameter  of  140  pm. 
These  fibers  were  produced  by  chemical 
vapor  deposition  process.  The  outer  coating 
of  the  fiber  is  carbon-rich,  which  prevents 
detrimental  interaction  between  the  fiber  and 
titanium  during  composite  processing. 

The  matrix  was  titanium  alloy  (SP- 
700)  with  composition  of  Ti-4.5Al-3V-2Fe- 
2Mo.  The  matrix  powder  was  produced  by 
Ar-gas  atomizing.  The  particle  size 
distribution  used  in  this  study  is  from  32  to 
65  pm. 

Experiments 
Tension  test 

The  spray  composites  with  five  layers 
were  manufactured  by  means  of  the 
following  process.  A  fiber  was  spirally 
wound  onto  the  stainless  steel  foil,  0.3mm 
thick,  which  was  wound  onto  the  cylindrical 
substrate.  And  then  matrix  material  was 
low-pressure-plasma-sprayed  onto  the  fiber. 
To  make  matrix  contamination  lower,  the 
spray  process  was  developed.  Before  low- 
pressure  plasma  spraying,  the  purge  of  argon 
gas  was  conducted.  The  monotape  preform 
was  removed  from  stainless  steel  foil.  They 
were  consolidated  by  hot  isostatic  pressing 
(Hiping)  at  1048K  for  7.2ks  under  a  Ar-gas 
pressure  of  120MPa.  The  tensile  specimens 
with  gage  dimensions  of  15mm  long  by 
5.0mm  wide  were  machined  from  composite 
plates.  The  volume  fraction  of  these 
composites  was  about  33  vol  %.  Two  kinds 
of  composites  were  made  from  the 
monotapes  (one  is  produced  by  conventional 
spray  process,  the  other  is  by  developed 
process).  These  tensile  specimens  were 
tested  at  room  temperature  in  air  at  a  constant 
crosshead  speed. 


Interstitial  impurity  analysis 

To  examine  the  impurity  level  of 
matrix  material,  chemical  analysis  was 
conducted.  Vacuum  fusion  method  was 
adopted  as  a  chemical  analysis  method.  The 
impurity  levels  of  foils,  powders  and  sprayed 
deposits  were  measured. 

Results  and  discussion 

Mechanical  properties 

Tensile  test  results  of  the  spray 
composites  arc  shown  in  Fig.l.  with 
properties  of  the  foil  composites  and 
monolithic  SP-700  ■'  4I.  The  volume  fraction 
of  foil  composites  w'as  about  28  vol  %. 
Although  the  tensile  strength  of  the  foil 
composites  in  the  longitudinal  direction  was 
much  higher  than  those  of  monolithic  sheets, 
the  tensile  strength  of  the  spray  composites 
was  slightly  lower  than  those  of  monolithic 
sheet.  It  means  the  fibers  of  the  spray 
composites  do  not  reinforce  material 
effectively. 

As  for  the  strengths  of  the  composites  in  the 
transverse  direction,  the  strengths  of  both  foil 
and  spray  composites  were  lower  than  those 
of  monolithic  sheet.  The  strengths  of  the 
spray  composites  were  lower  than  those  of 
foil  composites. 

With  regard  to  the  influence  of 
sprayed  processes,  the  strengths  of  the  spray 
composites  did  not  vary  with  sprayed 
processes. 
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Fig.l  Tensile  strength  of  the  SCS-6/SP-700 
Composites  and  SP-700  monolitic 
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Fig.2  shows  scanning  electron 
microscope  (SEM)  micrographs  of  fracture 
surfaces  of  tensile  test  specimen  from  SCS- 
6/SP-700  fabricated  by  spray-winding 
process  ((a),(b)  and  (e))  and  by  foil-fiber-foil 
process  ((c), (d)  and  (f)). 

In  the  fracture  surface  of  the  foil  composites, 


typical  dimple  pattern  is  observed  in  the 
matrix  between  the  fibers  as  shown  in  Fig.2 
(d).  In  case  of  the  spray  composites,  cleavage 
fracture  is  observed,  as  shown  in  Fig.2  (b). 
From  the  fracture  surface  of  the  spray 
composites  in  the  longitudinal  direction,  the 
crack  seems  to  propagate  along  the  debonded 


Fig.2  Microstructure  of  tensile  fracture  surface  of  the  TMC  specimen  [(a)  and  (b); 
sprayed  composite,  longitudinal,  (c)  and  (d);  foil  composite,  longitudinal,  (e);  spray 
composite,  transverse,  (f);  foil  composite,  transverse. 
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interface  between  fiber  and  matrix.  In  case  of 
transverse  direction,  in  the  fracture  surface  of 
the  foil  composites,  some  amounts  of  a  layer 
of  matrix  were  observed  to  remain  on  to  the 
fiber.  In  the  case  of  spray  composites,  the 
matrix  and  fibers  were  completely  separated. 
The  interfacial  strength  between  fibers  and 
matrix  also  varied  with  manufacturing 
process  routes. 

Table  1  Interstitial  impurity  analysis  of 
matrix 


material 

0(%) 

N(c/r) 

foil 

0.07 

0.01 

powder 

as  received 

0.14 

0.01 

as  sprayed 

0.36 

0.04 

(conventional) 

reference  data  0.50 

(Magnetron  sputtering) 

Table  1  shows  the  impurity  level  of 
matrix  material  in  foils  and  powders,  and 
sprayed  deposits.  The  oxygen  levels  in  the 
magnetron  sputtering  matrix  (Ti-6-4)  are  also 
summarized  in  Tablel.  Oxygen  and  nitrogen 
levels  in  the  sprayed  matrix  were  higher  than 
those  in  the  foil  matrix.  This  may  be  the 
cause  of  the  embrittlement  of  matrix.  As  for 
the  influence  of  oxygen  content  of  matrix  on 
tensile  strength,  it  is  reported  the  tensile 
strengths  of  the  composites  (SCS-6/Ti-6-4, 
vol  %  fiber,  from  35  to  40  %)  with  a  high 
oxygen  content  are  in  the  range  from  1500  to 
1800  MPa,  which  are  lower  than  those 
predicted  by  the  rule  of  mixtures5’.  But  this 
value  was  higher  than  those  of  the  monolithic 
material  (lOOOMPa).  Not  only  the 
embrittlement  of  the  matrix  with  a  high 
oxygen  content  but  also  another  factors,  such 
as  interfacial  properties,  would  affect  the 
tensile  strengths  of  the  spray  composites. 

Conclusion 

In  this  paper,  the  SCS-6/SP-700 
composites  were  manufactured  by  spray¬ 


winding  process,  and  their  mechanical 
properties  were  evaluated.  The  following 
conclusions  were  obtained. 

(1)  Spray  composites  is  inferior  to  foil 
composites  in  the  strength  in  both 
longitudinal  and  transverse  directions, 
irrespective  of  contamination  levels  of 
matrix. 

(2)  From  the  composites  processed  with  the 
fiber-winding  process,  cleavage  fracture  is 
observed.  The  composite  fractures  of 
interface  between  fiber  and  matrix  vary  with 
the  manufacturing  processes. 

The  research  and  development 
mentioned  above  includes  research 
conducted  under  the  entrustment  contract 
with  New  Energy  and  Industrial  Technology 
Development  Organization  (NEDO),  as  a 
part  of  the  National  Research  and 
Development  Program  of  Agency  of 
Industrial  Science  and  Technology  (AIST), 
Ministry  of  International  Trade  and  Industry 
(MITI). 
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Abstract 

Titanium  matrix  composite  (TMC) 
rings  were  fabricated  by  foil-fiber-foil 
process  route  using  sprayed  coil-preforms 
and  titanium  alloy  (Ti-4.5Al-3V-2Fe-2Mo 
mass%;  SP-700)  foils.  A  continuous  SiC 
fiber  (SCS-6),  together  with  a  molybdenum 
wire  as  a  spacer,  was  wound  into  a  coil  form. 
SP-700  powder  was  then  sprayed  on  the  coil 
to  fix  the  fiber.  After  spraying,  the 
molybdenum  wire  was  easily  removed,  and 
the  fiber  spacing  of  sprayed  coil-preforms 
was  kept  very  uniform.  The  SCS-6/SP-700 
composites  were  consolidated  by  a  hot 
isostatic  pressing  at  1048K  for  2  hours  under 
an  argon  gas  pressure  of  120  MPa.  It  was 
machined  to  the  final  ring  configuration.  The 
burst  strength  of  the  TMC  ring  with  four 
notches  at  the  inside  was  evaluated  by  a  spin 
test  in  a  vacuum.  The  TMC  ring  was  burst  at 
51183  rpm,  which  is  15%  lower  than  the 
speed  calculated  based  on  the  material  data. 

Key  Words:  titanium  matrix  composite,  gas 
turbine,  spray,  spin  test 

Introduction 

SiC  fiber  reinforced  titanium  alloy 


matrix  composites  (TMCs)  are  attractive  for 
high  strength  application  in  the  aerospace 
industries.  When  titanium  alloy  bladed  rings 
(blings)  are  reinforced  in  the  hoop  direction 
by  TMCs,  about  30  to  50%  weight  saving  can 
be  expected  for  this  component  compared 
with  the  conventional  disk  and  blades  [1]. 
While  a  number  of  fabrication  methods  have 
been  used  for  TMCs,  matrix-coated-fiber 
(MCF)  process  may  be  the  strongest 
candidate  for  TMC  rings  and  disks 
manufacturing  [2].  The  MCF  process  is  a 
new  fabrication  route  for  TMCs,  which  uses 
electron  beam  physical  vapor  deposition 
(EB-PVD)  to  pre-coat  continuous  SiC  fiber 
with  a  thick  layer  of  matrix  alloy.  They  were 
laid-up  and  hot-pressed  to  the  finished  TMC. 
However,  the  coated  fiber  is  still  developing 
material  and  it  is  difficult  to  get  the  enough 
amount  of  the  coated  fiber. 

In  this  study,  sprayed  coil-fiber- 
preforms  were  newly  developed  to  fabricate 
a  TMC  ring  by  foil- fiber-foil  process,  and  the 
burst  spin  test  of  the  ring  was  also  carried  out. 

Experimental  Procedures 
Composite  Material 

A  continuous  SiC  fiber  (SCS-6)  and  a 
molybdenum  wire  of  0.1mm  diameter,  as  a 
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spacer,  were  wound  into  a  coil  form.  Matrix 
alloy  (Ti-4.5AI-3V-2Fe-2Mo  mass%;  SP- 
700)  powder  was  then  sprayed  on  the  coil  to 
fix  the  fiber  using  a  low-pressure -plasma 
spraying.  The  molybdenum  wire  was 
removed  after  sprying.  The  SCS-6/SP-700 
composite  with  24  SiC  fiber  layers  was 
fabricated  by  foil-fiber-foil  process  using  the 
sprayed  coil-preforms  and  SP-700  foils  of 
0.2mm  thickness.  They  were  consolidated  by 
a  hot  isostatic  pressing  at  1048K  for  2  hours 
under  an  Ar-gas  pressure  of  120MPa.  It  was 
machined  to  the  final  ring  configuration,  as 
shown  in  Fig.  1 .  Tow  TMC  rings  were 
fabricated  in  this  study,  and  one  was  used  for 
the  spin  test  and  the  other  for  the  cut 
inspection.  X-ray  radiographic  inspection  of 
the  TMC  ring  was  also  carried  out  to  check 
the  reinforcement  location 


Fig.l  Dimensions  of  the  TMC  ring 


spacing  of  sprayed  coil-preforms  was  kept 
very  uniform,  and  the  average  pitch  of  fiber 
was  0.2mm.  Figure  3  shows  the  appearance 
of  the  TMC  ring  fabricated  in  this  study.  The 


2mm 


Spin  Test 

The  burst  strength  of  the  TMC  ring  with  four 
notches  at  the  inside  was  evaluated  by  a  spin 
test  in  a  vacuum.  Notches  were  4mm  in  depth, 
and  they  were  located  at  the  angles  of  0,  90, 
180  and  270  degree.  The  test  ring  was 
attached  to  an  arbor  disk  with  a  drive  shaft. 
The  rotation  speed  and  vibration  of  the  shaft 
were  recorded  up  to  the  burst  speed. 

Results  and  Discussions 

TMC  Ring  Fabrication 
Appearance  of  the  sprayed  coil-preform  is 
shown  in  Fig.2.  The  molybdenum  wire  was 
easily  removed  from  the  preforms.  The  fiber 


Fig.2  Sprayed  coil-preform;  (a)  low 
and  (b)  high  magnification. 


Fig.3  TMC  ring  model 


630 


20mm 

Fig.4  X-ray  radiographic  photograph 
of  the  TMC  ring. 
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Fig.5  Cross-section  of  the  TMC  ring 

TMC  rings  were  successfully  machined  to 
the  final  configuration  without  any 
distortions  caused  by  thermal  residual  stress. 
Figure  4  shows  the  X-ray  radiographic 
photograph  of  the  TMC  ring.  The  light- 
colored  area  in  the  Fig.4  is  the  fiber- 


reinforced  area.  The  SiC  fiber  position  in  the 
ring  almost  meats  the  design  requirement 
(Fig.l),  which  was  located  in  the  range  of  the 
diameter  from  135.9mm  to  182.1mm. 

While  the  fiber  spacing  in  this  composite  ring 
was  controlled  to  be  almost  uniform,  small 
amount  of  closely  spaced  fibers  was  found, 
as  shown  in  Fig.5.  This  may  be  due  to  the 
fibers  free  from  the  constraint  of  the  sprayed 
deposit,  and  they  may  be  moved  by  the 
matrix  flow  during  the  consolidation.  At  the 
inner  and  outer  ends  of  the  fiber-reinforced 
area,  low  fiber- volume-fraction  (Vj)  parts 
were  observed  in  the  TMC  ring,  as  indicated 
by  open  circles  in  Fig.5(a).  It  seems  this  can 
not  be  helped  due  to  the  process  limitation  of 
the  foil-fiber-foil  method.  It  is  very  difficult 
to  place  preforms  with  each  end  of  the  fibers 
strictly  on  the  straight  line  along  the  staking 
direction. 

Spin  Test 

The  TMC  ring  burst  at  51183  rpm,  and  it 
broke  into  4  pieces,  as  shown  in  Fig.6.  The 
primary  failure  occurred  at  the  inner  end  of 
the  fiber-reinforced  area  in  the  TMC  ring, 
and  many  pull-out-fibers  were  observed  at 
the  primary  fracture  surface  of  the  ring,  as 
shown  in  Fig.7.  This  indicates  the  ring  was 
buret  due  to  the  tensile  overload  in  the  hoop 
direction.  Maximum  stress  of  the  ring  in  the 


Fig.6  Burst  TMC  ring 
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rotation  speed  at  5 1 1 83  rpm  was  estimated  to 
be  1383MPa  by  a  finite  element  analysis, 
which  is  85%  tensile  strength  of  the  coupon 
specimen  with  the  same  V,  of  33%.  This 
degradation  may  be  caused  by  the  low  Vt  area 
at  the  inner  end  of  fiber-reinforced  area  and 
by  the  multi-axis  loading. 


Fig.7  Fracture  surface  of  the  TMC  ring: 
(a)  primary  fracture  part,  and 
close-up  (b)  A  and  (c)  B  area. 


Conclusions 

In  this  study  sprayed  coil-preforms 
were  newly  developed  in  order  to  fabricate 
the  titanium  matrix  composite  rings  by  foil- 
fibcr-foil  process,  and  the  burst  strength  of 
the  ring  with  four  inside  notches  was 
evaluated  by  a  spin  test  in  a  vacuum. 
Considering  the  results  obtained,  our 
conclusions  are  as  follows. 

1)  The  fiber  spacing  of  the  coil-preforms 
was  kept  very  uniform,  and  the  average 
pitch  of  the  fiber  was  0.2mm. 

2)  While  the  fiber  distribution  in  the  TMC 
ring  was  almost  uniform,  it  was  difficult 
to  control  the  preform  ends  to  be  straight 
along  the  stacking  direction. 

3)  The  ring  burst  at  51183  rpm.  which  is 
85%  tensile  strength  of  the  coupon 
specimen  with  the  same  fiber  volume 
fraction  of  33%. 

4)  The  primary  fracture  of  the  ring  occurred 
at  inner  end  of  the  fiber-reinforced  area, 
and  it  was  due  to  the  tensile  overload  in 
the  hoop  direction. 
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Abstract 

Aluminum  Metal  Matrix  Composites 
(hereinafter  referred  to  as  MMCs)  are  developed  by 
various  production  methods  such  as  Molten  metal 
infiltration  process,  Powder  metallurgy  process,  Casting 
process,  Hot  pressure  welding  process  and  so  forth , 
depending  on  its  usage.  If  a  pressure-less  metal 
infiltration  process  ( PRIMEX™  Process )  is  used, 
MMCs  with  a  high  volume  fraction  of  a  reinforcement 
material  can  be  produced,  which  haw  less  segregation 
of  a  reinforcement  material  and  give  a  high  cost 
performance.  MMCs  (which  is  the  reinforcement 
material  with  volume  fraction  of37Vf{%)  produced  by 
pressuredess  metal  infiltration  process  belonging  to  the 
category  of  Molten  metal  infiltration  process)  is 
superior  in  foe  mechanical  properties  such  as  thermal 
resistance,  wear  reastance,  etc.  As  a  result  of 
performance  evaluation  testing  on  MMCs  rotor;  rotor 
wear  has  been  found  small  with  good  brake 
effectiveness  stability. 

In  conclusion,  there  has  come  out  a  possibility  of 
putting  MMCs  into  practical  use. 


Keyword  :  Pressure-less  Metal  Infiltration  Process 
Ltroduction: 

This  technology  is  what  AKN  Ltd  introduced 
from  Lanxide  in  U.S A,  and  Taihciyo  Cement,  AKhTs 
parent  Co.  and  Akebono  Brake  Ind  are  now  jointly 
makirg  an  application  devebpment  to  brake  parts.  This 
time,  we  produced  MMCs  by  the  pressure-less  metal 
infiltration  process  evaluated  material  characteristics 
and  performance  of  rotor 

Testing  Methods: 

The  powder  of  AhOywas  used  as  ceramics 
for  reinforcement  in  consideration  offoem^  resistance. 
By  press-forming  the  powder  of  AI2O3,  a  preform  was 
produced  After  hewing  a  preform  in  a  nitric  atmoqfoere 
and  infitoatirg  aluminum,  we  cooled  and  processed  to 
various  test  petes,  and  evaluated  material 
characteristics. 

In  the  meantime;  we  produced  abrake  rotor  in  foe  same 
way  and  conducted  performance  evaluation. 

(1)  Evaluation  ofMMCs  material  characteristics 

\hrious  test  pieces  being  made,  organizational 
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observation  and  evaluation  of  mechanical  characteristics 
were  performed 

As  comparison  materials,  FC  —  200  ( hereinafter 
refereed  to  as  FC),  SiC  20vlf%)MMCs (hereinafter 
as  SiC — MMCs) ,  a rxi  AC4C  (tereirafter  as  AC4C) 
were  selected  and  the  same  evaluation  was  conducted 
(2)  Performance  evaluation  of  rotor 

Fig.1  shows  the  (fee  rotor  we  produced  By  our 
dynamo  testirg  machine,  rotor  performance,  thermal 
resistance  (on  occurrence  of  scoring)  and  stabilization  of 
effectiveness  were  checked  and  confirmed  Also,  we 
conducted  car  testing  for  a  final  evaluation  purpose. 


Fig.l  MM  C  s  Disk-Rotor 


Test  Results: 

(1)  Material  characteristics  ofMMCs 

Material  characteristics  are  shown  in  Table- 1. 
The  density  ofMMCs  is  a  little  bit  at  higher  side  as 
compared  with  SiC— MMCs  and  AC4C,  but  is  less 
than  half ofFC.  The  therenal  conductivity  of  the  same  is 
higher  than  FC. 

Fig.2  shows  the  result  of  elastic  modulus.  When  a 
reinforcement  material  exceeds  20vf  (%) ,  it  was  found 
that  MMCs’  elastic  modulus  becomes  higher  than  FC. 
For  AI2O3  37vf(%)MMCs,  its  elastic  modulus 
wasl30Gpa. 

A  disc  rotor  has  a  repetitive  action  of  heating  and 
000%.  Fig.  3  shows  tensile  strength  and  elongation  of 


MMCs  at  room  temperature  after  experiencing  high 
temperature  SiC— MMCs  lowered  strength  after 
heating  at  400°C  for  5  hours,  but  the  material  in 
question  did  not  show  any  charge  of  strength 
From  the  above  results,  tensile  strength  and  elastic 
modulus  were  found  over  FC,  and  we  selected  MMCs 
with  AI2O3  fraction  volume  37vf (%)  and  with 
stabilized  strength  after  high  temperature  history. 

(On  the  material  in  question  hereunder) 

Fig.  4  <hows  a  microscopic  photo  of  fine  structure  The 
material  shows  an  aluminum  infiltrated  condition  into 
fine  parts. 


Table.2  MMCs  Mechanical  Property 


Items 

The 

Material 

FC200 

SiC 

•MMCs 

AC4C- 

T6 

Density 

(g/cra3) 

3.14 

7.10 

2.80 

2.68 

Elastic  Modulus 
(GPa) 

130 

95~ 

120 

81 

74 

Tensile  Strength 
(MPa)*l 

269 

230 

254 

280 

CTE 

( 10<3/°C)  5S52 

17.4 

11.7 

17.5 

21.5 

Thermal 
Conductivity 
(W/mk)  vK2 

86.2 

52.3 

160.0 

159 

Specific  Heat 
(J/gK) 

0.83 

0.51 

0.83 

0.88 

Fatigue  strength 
(MPa) 

115 

_ 

105 

130 

SKI. Thermal  Condition  :25t 


$K2.Thcrma1  Condition.  :25~300'C 


Fig.2  Coefficient  of  Expansion 
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Tensile  strength(MPa) 


0  5  20  100 
Time(hr) 


Fig.3TensiIe  Strength  of  HighThermal  Hysteresis 


Ftg4  Fine  Structure  100  /lm 


(2)  Performance  evaluation  of  rotor 


Fig.  5  shows  a  rotor  temperature  charge  by  JASO 
lade  test  The  material  was  found  lobe  nearly  100°C 
bv^thanFCattheMtanperatureofNo2  fade. 

This  is  due  to  the  thermal  conductivity  of  the  material 
beirg  at  hgh  level  This  result  is  nearly  consistent  to 
FEM  analysis  value,  djynamo  test  value  and  car  testing. 
Fig.6  shows  thermal  resistant  limit  by  scoring  test 
While  scoring  for  SiC— MMC  ocanred  at  about 
450°C,  the  material  did  not  cause  scoring  until  the 
temperature  of  100°C  higher. 


0  5  10  15  20 


Brake  Cycles 

Fig.5  Rotor  Temperature  Change 


o  ' 

0  20  40  60  80 

Brake 


Fig.6  Scoring  Test 

Fig.7  shows  the  change  of  frictional  coefficient  on  a 
friction  material  and  rotor.  The  frictional  coefficient  of 
FC  changed  along  a  temperature  increase,  but  that  of 
the  material  was  found  to  remain  nearly  at  a  same  level. 
Fig.8  shows  a  wheel  condition  alter  a  trawl  motion  FC 
showed  some  stain  alter  running  300km,  but  any  stain 
was  not  observed  for  the  material  even  after  a  4300km 
run. 
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Frictional  coefficient  in  ) 


restricted  because  of  matrix  being  aluminum, 
but  other  characteristics  are  superior  to 
conventional  FC  rotors,  and  it  has  been 
confirmed  that  an  application  to  a  practical  car 
use  is  possible. 


Fig.7  Change  of  Frictional  Coefficient 


Fig.8  Wheel  Stain 


A  disc  rotor  was  produced  from  the  material,  and  as  a 
result  of  performance  evaluation,  each  evaluation  item 
showed  a  good  result 

Conclusion: 

ft  is  proper  that  AbQs  fraction  volume  for 
MMCs  brake  rotor  produced  by  pressuredess  metal 
infiltration  process  is  37vK%).  The  rotor  in  question 
is  a  light-weight  and  has  a  stable  brake 

effectiveness.  Its  thermal  resistance  is 
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Abstract 

AI18B4O33  whisker  reinforced  AZ91D 
(Mg-9%A1- 1  %Zn)  and  ZK60  (Mg-6%Zn- 
0.4%Zr)  magnesium  alloy  composites  were 
fabricated  by  squeeze  casting.  Some 
composites  were  fabricated  under  the 
semi-solid  conditions.  The  low  reactivity 
between  whisker  and  matrices  during 
fabrication  and  heat-treatment  processes  are 
caused  by  the  formation  of  a  stable  and 
uniform  reaction  layer  20-30  nm  in  thickness 
on  the  whisker.  These  composites  exhibit 
good  strength  and  age  hardening  ability.  In 
AZ91D  matrix  composites,  the  reaction  layer 
is  single-like  crystalline  MgAl204,  which 
grew  epitaxially  on  the  whisker.  On  the  other 
hand,  in  ZK60  matrix  composite,  the  reaction 
layer  is  polycrystalline  complex  oxide 
containing  Zr,  Zn  and  Mg  elements. 

Key  Words:  Composite,  Magnesium  alloy. 
Aluminum  borate,  Interfacial  layer,  Aging 
behavior,  Bending  strength 

Introduction 

Recently,  magnesium  alloys  are  great 
watched  as  the  next  generation  lightweight 
materials.  However,  the  mechanical 
properties  of  magnesium  alloys  at  room  and 


high  temperature  is  lower  than  that  of 
practical  aluminum  and  titanium  alloys.  In 
order  to  improve  the  properties  of 
magnesium  alloys,  the  combination  with  the 
ceramics  reinforcement  is  effective. 
Especially,  SiC,  AI2O3  and  carbon  have  been 
attempted  for  the  reinforcement  of 
magnesium  alloy  [1-3].  Recently,  it  is  found 
that  AI18B4O33  whisker  has  good  mechanical 
properties  and  is  effective  for  the 
reinforcement  of  many  aluminum  alloys.  But 
this  whisker  reacts  with  aluminum- 
magnesium  alloys  at  the  interface  during  the 
fabrication  and  the  heat-treatment  [4].  The 
mechanical  properties  of  the  composites  are 
affected  by  the  interfacial  structure,  strongly. 
But  the  interfacial  reaction  between 
AI18B4O33  whisker  and  practical  magnesium 
alloys  and  the  effect  to  the  mechanical 
properties  has  still  unknown.  In  this  study, 
the  effect  of  the  mechanical  properties  and 
the  interfacial  structure  for  the  fabrication 
condition  in  AZ91D  and  ZK60  magnesium 
matrix  composites  were  investigated. 

Experimental  Procedure 

The  reinforcement  is  AI18B4O33  whisker 
(Shikoku  Chemicals  Co.  Type  M-20)  with 
0.5-1  pm  in  diameter  and  10-20pm  in  length. 
Matrices  are  AZ91D  and  ZK60  magnesium 
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alloys.  The  composition  of  AZ91D  and  ZK60 
are  Mg-9%Al-l%Zn  and  Mg-6%Zn-  0.4%Zr, 
respectively.  Whisker  preform  was 
fabricated  by  the  sintering  of  the  whisker 
under  the  condition  of  850°C  for  lh.  The 
composites  were  fabricated  by  the  squeeze 
casting  under  the  conditions  of  preform 
preheating  temperature:  200  °C,  die 

temperature:  700°C,  molten  alloy 

temperature:  570-840  °C  and  squeeze 
pressure:  50-160  MPa.  Some  AZ91D  matrix 
composites  were  fabricated  under  the 
semi-solid  condition  (solid  fraction  (fs): 
50%).  The  bending  strength  and  the  aging 
behavior  were  estimated.  Microstructure  and 
interfacial  structure  in  the  composites  were 
observed  by  SEM  (Topcon/  SM-520)  and 
TEM  (JEOL/JEM-4000EX  and  3010). 

Result  and  Discussions 

Mechanical  Properties 
Table  1  shows  the  bending  strength  of  the 
composites.  Composites  have  higher  strength 
than  the  monolithic  alloys.  These  composites 
have  good  strength  for  practical  use.  The 
bending  strength  of  AZ91D  monolithic  alloy 
could  not  be  estimated  because  of  high 
plastic  deformation.  In  AZ91D  matrix 
composite,  the  strength  of  the  composites 
fabricated  by  the  molten  alloy  (fs=0%)  is 
higher  than  that  of  the  semi-solid  condition 
(fs=50%).  The  degradation  of  the  strength  is 
caused  by  the  fracture  of  the  whisker  in 
preform  during  the  squeeze  casting.  In  actual, 
the  mean  whisker  length  in  preform  before 
casting,  in  composites  after  0%fs  casting  and 

Tablet  Bending  strength  of  AI18B4O33 
whisker  /  AZ91D  and  ZK60  alloy  composites. 


Matrix 

AZ91D 

Monolithic  Composite 

ZK60 

Monolithic  Composite 

Solid  fraction 

(fs%) 

0  0  50 

0  0 

Bending 

Strength 

(165)*  564  518 

605  675 

(MPa) 

(*  Tensile  strength  of  as-cast  alloy) 


50%fs  casting  is  12.08,  8.28  and  5.24  jim, 
respectively.  The  whisker  shortened  by  the 
high  pressure  of  squeeze  casting.  The 
strength  and  the  whisker  length  in  50%fs 
as-cast  composites  were  low  and  short. 

Fig.  1  shows  the  aging  behavior  of 
AZ91D  monolithic  alloy  and  composite 
fabricated  under  the  condition  of  0  and 


Fig.l  Age  hardening  curves  of  (a) 
monolithic  AZ91D  alloy  and  (b) 
A1,*B4033  whisker/ AZ9  ID  alloy 
composites. 
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AMO’  binder  composite 


Fig.2  Age  hardening  curves  of 
monolithic  ZK60  alloy  and  AI18B4O33 
whisker/ZK60  allov  comnosite. 
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50%fs.  Both  of  the  monolithic  alloy  and 
composite  shows  the  obvious  good  aging 
behavior.  Hardness  of  50%fs  composite  is 
higher  than  that  of  0%fs  composite.  As  liquid 
phase  penetrate  preferentially  into  the 
preform  during  squeeze  casting  process,  the 
composites  has  many  post  liquid  phase  (P 
phase,  Mgi7Al[2)  in  the  matrix.  Consequently, 
50%fs  composite  shows  high  hardness 
because  of  high  hardness  of  p  phase.  The 
reach  time  to  highest  hardness  of  the 
composites  is  faster  than  that  the  monolithic 
alloy.  This  is  caused  by  the  stress  around  the 
interface  between  the  reinforcement  and  the 
matrix.  This  is  the  conventional  phenomenon 
for  many  composites. 

Fig.  2  shows  the  aging  behavior  of  ZK60 
monolithic  alloy  and  composites.  The 
composite  shows  good  aging  behavior.  But 
the  reach  time  to  highest  hardness  of  the 
composites  is  same  as  that  of  the  monolithic 
alloy. 

Microstructure 

(a)  AZ91D  matrix  composite 

Fig.  3  shows  the  high-resolution  TEM 
image  of  the  interface  between  AI18B4O33 
whisker  and  AZ91D  matrix  in  as-cast 
composites.  There  is  a  uniform  reaction  layer 
between  AI18B4O33  whisker  and  magnesium 
with  a  thickness  of  20-3  Onm.  The  reaction 
layer  is  MgAl204  with  spinel  structure  and 
covered  with  the  whisker  completely. 
MgAl204  layer  grew  on  the  whisker 


Fig.  3  Microstructure  of  the  interface 
between  AI18B4O33  whisker  and  matrix. 


epitaxially. 

Fig  4  is  the  extracted  whisker  from  the 
composites.  Fig.4  (a)  shows  the  whisker  from 
as-cast  composite.  The  whisker  surface  is 
very  clear  and  smooth,  which  is  same  as  the 
as-received  whisker.  The  interfacial  reaction 
during  squeeze  casting  is  very  little.  Fig.  4  (b) 
shows  the  whisker  from  the  heat-treated 
composites  at  700  °C  for  lh,  which  is  the 
molten  condition  of  matrix  alloy.  The 
whisker  surface  becomes  to  roughen  with 
small  irregularities.  But  this  roughness  is 
very  flat  compared  with  the  magnesium 
contained  aluminum  alloy  matrix  composites 
[5].  It  seems  that  the  uniform  reaction  layer 
prevents  a  further  reaction  of  the  whisker 
with  the  matrix.  In  actual,  the  degradation  of 
the  strength  of  the  heat-treated  composites 
was  not  observed  and  the  heat-stability  of 
this  composite  is  very  good  [6]. 


Fig.4  Extracted  whisker  from  AI18B4O33 
whisker/  AZ91D  matrix  composites 
prepared  by  squeeze  casting,  (a)  As-cast 
and  (b)  heat-  treated  at  700°C  for  lh. 
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(b)  ZK60  matrix  composite 
Fig.  5  is  the  extracted  whisker  from  as-cast 
AI18B4O33  whisker/  ZK60  matrix  composites. 
The  whisker  surface  is  very  clear  and  smooth 
but  has  little  irregularities.  Fig.  6  is  the 
microstructure  and  EDS  analysis  around  the 
interface  between  whisker  and  matrix  in 
composite.  There  is  an  interfacial  reaction 
layer,  which  covered  with  the  whisker 
completely.  This  layer  forms  polycrystalline 
of  complex  oxide  containing  Zr,  Zn  and  Mg 
elements.  But  the  phase  of  this  layer  could 
not  be  identified.  This  layer  prevents  the 


Fig.  5  Extracted  whisker  from  as-cast 
AI18B4O33  whisker/  ZK60  alloy  matrix 
composite. 


Fig.  6  TEM  image  and  EDS  analysis  of 
the  interface  in  AI18B4O33  whisker/  ZK60 
alloy  composite. 

direct  reaction  between  the  whisker  and  the 
matrix  during  fabrication  and  heat-treatment 


process.  If  the  many  interfacial  reaction  layer 
are  produced  by  long  fabrication  and 
heat-treatment  process  times,  it  seems  that 
the  strength  and  age  hardening  behavior  of 
the  composites  decreases  because  of 
consumption  of  Zn  element  in  the  matrix  by 
the  interfacial  reaction.  This  composite  is  not 
stable  compared  with  AZ91D  matrix 
composites. 


Conclusions 

AI18B4O33  whisker/  AZ91D  and 
ZK60  alloy  composites  were  fabricated  by 
squeeze  casting.  The  relationship  between 
mechanical  properties  and  interfacial 
reaction  was  investigated. 

(1)  Both  composites  have  good  strength  and 
age  hardening  behavior.  Only  AZ91D  matrix 
composite  shows  the  shortening  of  peak 
hardening  time. 

(2)  Both  composites  show  the  interfacial 
reaction  at  fabrication  process.  The  whisker 
was  covered  with  20-30  nm  interfacial  layers 
in  thickness,  completely.  As  this  layer 
prevents  the  direct  reaction  between  whisker 
and  matrix,  the  mechanical  properties  of 
composites  has  stable  at  high  temperature. 
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Abstract 

High  strain  rate  superplasticity  (HSRS)  is  an 
efficiently  near-net  shape  forming  to  apply 
metal  matrix  composites  (MMC)  to 
automobile  components,  semi-conductor 
packing,  structures  in  aerospace  industry 
and  even  for  housings  in  IT  industry  .  The 
objectives  of  this  study  is  to  investigate  the 
effect  of  matrix  alloy  elements  on  the  HSRS 
in  TiN  particulate  reinforced  aluminum 
composites  and  to  discuss  the  superplastic 
deformation  mechanism  of  the  HSRS 
composite.  TiN/lN90  produced  a  m  value  of 
about0.4  and  total  elongation  of  200%  at 
strain  rate  of  about  10'V  and  at  928K 
which  is  below  liquid  temperature  of  1N90 
pure  aluminum.  And  TiN/2014  and 
TiN/2017  A1  composite  with  Vf  =  0.15 
exhibited  a  m  value  of  about  0.4  at  strain 
rates  higher  than  10'V  and  maximum 
tensile  elongation  of  about  200-350%  at  a 
strain  rate  of  about  3xl0"'s"l  at  818k  which 
was  above  the  solid  temperature  of  matrix. 
However,  the  total  elongation  of  the 
TiN/2014  is  larger  than  that  of  the  TiN/2017 
and  amount  of  Mg  included  to  2014A1  is 
larger  than  that  of  2017A1  so  that  Mg  is 
thought  to  have  an  effect  on  total  elongation 
of  TiN/Al  composites.  However,  TiN/AI- 
lMg  indicates  the  total  elongation  less  than 
100%  which  means  that  lwt%Mg  has  not 
positive  effect  on  improving  total  elongation 
of  TiN/Al  composites. 

Key  Words:TiN,  Aluminum  composites, 
Superplasticicty. 


INTRODUCTION 

High  strain  rate  superplasticity  (HSRS)  of 
metal  matrix  composites  (MMC)  has  a  great 
potential  to  establish  an  efficiently  near-net 
shape  forming  for  automobile  components 
and  semi-conductor  packing  structures  in 
aerospace,  since  the  HSRS  is  usually 
associated  with  lower  flow  stress  and  total 
elongation  of  250-600%  at  high  strain  rates 
of  10'2-10s'1[l-13].  Deformation 

mechanism  of  the  HSRS  should  be  different 
from  the  mechanism  of  conventional 
superplastic  materials  since  the  strain  rate  at 
which  the  HSRS  occurs  is  10-1000  times 
higher  than  the  conventional  one  and  the 
optimum  temperature  at  which  the 
maximum  elongation  is  obtained  is  near  or 
just  above  the  solid  temperature  of 
aluminum  matrix.  Although  it  has  been 
pointed  out  that  the  primary  deformation 
mechanisms  of  the  HSRS  materials  are 
grain  boundary  sliding  and  interfacial 
sliding  involving  a  liquid  phase, 
phenomenon  of  the  HSRS  is  affected  by 
factors  such  as  the  grain  size,  the  interface 
structure  and  so  on.  But  how  interface 
structure  could  affect  to  the  HSRS  has  not 
yet  been  understood  entirely.  The  objectives 
of  this  study  is  to  investigate  the  effect  of 
aluminum  alloy  elements  on  the  HSRS  in 
TiN/aluminum  alloys  composites  and  to 
discuss  the  superplastic  deformation 
mechanism  of  the  HSRS  composite. 
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TiN  particles(average  size=l|im)  were  used 
as  the  reinforced  material.  Volume 
fraction  of  TiN  is  Vf=0.15.  2014AK 

2017A1,  1N90  pure  and  Al-lMg  were  used 
as  matrix.  Table  1  shows  chemical 
compositions  of  these  aluminum  powders 
used. 

The  T1N/A1  composites  were  sintered  under 


Materials 

Cu 

Fe 

Si 

Mn 

Mg 

Zn 

Al 

2014* 

4.38 

0.24 

0.05 

0.6 

1.5 

0.01 

93.61 

2017* 

3.84 

0.03 

0.56 

0.64 

0.58 

94.35 

1N90** 

6 

43 

41 

5 

3 

17 

99.98 

Al-lMg* 

0.12 

0.49 

0.36 

0 

1.04 

0.02 

97.97 

**:ppm,  *:wt% 


a  pressure  of  200  MPa  at  773K  for  20min 
and  then  extruded  with  an  extrusion  ratio  of 
100  at  773K.  Hot  rolling  after  extrusion  was 
also  used  to  build  fine  grain  size  and  to 
make  reinforcement  dispersed  uniformly. 
Tensile  specimens  with  a  4  mm  width  and 
about  15mm  gage  length  were  made. 
Specimens  were  pulled  at  773-  928K  and  at 
strain  rates  ranging  from  lxlO'3  to  2s"l. 
Microstructures  and  fracture  surfaces  were 
examined  by  SEM. 

EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

HSRS  of  TiN/lN90 

Sherby  et  al  proposed  a  deformation  model 
of  the  HSRS  in  which  fine  grains  with  high 
angle  boundaries  and  subgrains  near  the 
grain  boundaries  contribute  to  grain 
boundary  silding.  1N90  pure  aluminum 
made  by  powder  metallurgical  method, 
which  produced  a  m  value  of  0.3-0.45  and 
total  elongation  of  300-450%  at  strain  rate 
of  about  10‘V1  consisted  of  fine  grain  of 
10~20pm  and  subgrain  of  l-2pm  .  It  is, 
therefore,  thought  that  the  superplastic 
characteristics  of  1N90  could  support  the 
deformation  model  in  which  the  constitutive 
equation  is  expressed  as  follow 

e  =k(D/Lk }((o-oJ‘  (1) 

where  f  is  the  strain  rate,  k  is  a  materials 
constant,  D,  is  the  lattice  diffusion 
coefficient,  L  is  the  grain  size  with  high 


angle  grain  boundaries,  A  is  the  subgrain 
size,  o  js  the  flow  stress,  o0  is  threshold 
stress  and  n  is  the  stress  factor  (  n  =  1/m  ). 


Strain  rates  (1/s) 


Figs.  1  Superplastic  characteristics  of 
TiN/lN90  Al  composites 

Fig.  1  shows  relationship  between  total 
elongation  and  strain  rate  of  TiN/lN90  pure 
Al  composites  hot-rolled  after  extrusion. 
TiN/lN90  deformed  at  918,  923  and  928K 
indicated  m  value  of  about  0.3  at  the  strain 
rate  higher  than  3x10  V1.  And  maximum 
total  elongation  of  about  200%  is  obtained 
at  the  strain  rate  of  2x1 0'1  s'1  at  923 K  and 
928K  which  is  just  below  the  melting 
temperature  of  pure  1N90  aluminum. 
Apparent  activation  energy  of  TiN/lN90  is 
estimated  to  be  730-760  KJ/mol  in 
temperature  range  from  918K  to  928K 
which  is  higher  than  activation  energy, 
142KJ/mol,  of  pure  aluminum.  The 
TiN/lN90  could  produce  HSRS(High  Strain 
Rate  Superplasticity). 

HSRS  ofTlN/2014  Al  composites 

The  superplastic  characteristics  of  the 
TiN/2014  Al  composite  with  Vf  =  0.15  are 
shown  in  Figs. 2  as  a  function  of  testing 
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Total  leongation  (%)  Flow  stress  (MPa) 


The  superplastic  characteristics  of  the 
TiN/2014  Ai  composite  with  Vf  =  0.15  are 
shown  in  Figs.  2  as  a  function  of  testing 
temperature.  The  composite  deformed  at 
798  and  818K  exhibits  m  value  of  about 
0.37  at  strain  rates  higher  than  4x1 O'V1, 
although  the  m  value  of  about  0.24  at  773K 
and  lower  m  value  of  about  0. 15  in  the 
strain  rate  less  than  2x1 0‘Y1  are  obtained. 
Maximum  tensile  elongation  of  about  370% 
of  the  composite  was  obtained  at  a  strain 
rate  of  about  3xl0''s“l  at  818k  which  was 


Figs.  2  Superplastic  characteristics  of  the 
TIN/2014  composite 

above  the  solid  temperature  of  2014  Al 
matrix.  The  results  indicate  that  TiN/2014 
produced  high  strain  rate  superplasticity 
(HSRS). 

Fig.2  indicates  superplastic  characteristics 
of  the  TIN/2017  composite,  m  value  of 
about  0.20  in  the  TIN/2017  composite  is 
obtained  in  the  strain  rate  range  less  than  10‘ 
V  and  the  temperature  of  773~838K  and 
the  composites  indicates  m  value  of 


0.3-0.34  in  the  strain  rate  range  more  than 

10V. 

However,  maximum  total  elongation  of  about 
200%  is  shown  at  the  strain  rate  of  about  4x10' 
V1  and  at  818K  which  is  lower  as  compared 
with  one  of  370%  in  the  TiN/2014  Al  composite. 
The  apparent  activation  energy  of  TiN/2014  is 
424~618KJ/mol  in  the  temperature  range  of 


Strain  rates  ( 1/s  ) 


Strain  rate  (1/s) 

Fig.3  Superplastic  characteristics  of 
TiN/2017  composite 


773-8 18K.  On  the  other  hand,  activation 
energy  of  the  TiN/2017  is  216-409KJ/mol. 
Amount  of  Mg  included  in  2014  aluminum 
is  larger  than  those  of  2017  Al  so  that  Mg 
might  have  a  positive  effect  on  HSRS. 
Therefore,  superplastic  characteristics  of 
TiN/Al-lMg  composite  is  investigated. 


HSRS  of  TiN/Al-lMgAl  composites 
The  strain  rate  sensitivity  value,  m,  of  the 
TiN/Al-IMg  composite  pulled  at  853  and 
873K  became  0.24-0.27  in  the  strain  rate 
more  than  lO'V^  but  the  m  value  in  the 
composite  deformed  at  893K  indicates 
about  0.36.  Total  elongation  of  the 
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activation  energy  of  TiN/Al-lMg  composite  composites  but  total  elongation  obtained 
is  estimated  to  be  207~346KJ/mol  which  is  is  about  200%. 

lower  activation  energy  as  compared  with  (4)TiN/Al-l  Mg  composite  indicates  a  total 
those  of  TiN/1  N90,  TiN/20 1 4  and  TiN/20 1 7  elongation  of  about  1 00%  at  the  strain 
A1  composites.  rate  of  10'V1  and  at  853-893K. 


10  3 

;  O  SS3K  *  873K  893 K 

: 

Tot 

TiNIAI-Mg,  Vf=0.1S 

Rolling  temp.-773K 

- 

10  2 
elon 

L*  » 

■j 

gati 

o 

10  *3  10  '2  10  4  10  0  10  1 
Strain  rate  (1/s) 

Fig.4  Superplastic  characteristics  of 
TiN/2Al-lMg  composite 

CONCLUSIONS 

Superplastic  characteristics  of  TiN/lN90 
pure  aluminum,  TiN/20 14,  TiN/20 17  and 
TiN/Al-lMg  aluminum  composite  hot- 
rolled  after  extrusion,  were  investigated. 
The  following  results  were  obtained: 

(1) TiN/lN90  shows  m  value  of  about  0.3  in 
the  strain  rate  more  than  3x10  V1  and 
total  elongation  of  200%  at  strain  rate  of 
about  10  's4  and  at  923K  ~  928K. 

(2) TiN/2014  A1  composite  indicates  the  m 
value  of  about  0.37  in  the  strain  rate 
range  more  than  10's"!  and  in 
temperature  of  798-81 8K.  And  also 
maximum  tensile  elongation  of  about 
370%  is  obtained  at  the  strain  rate  of 
about  10'1  s~l  and  at  818K 

(3)  TiN/20 17  A1  composites  indicate  the 
same  m  value  as  that  of  TiN/20 14  al 
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Abstract 

The  powder  mixtures  of  Cu-33at%Al 
were  milled  by  a  mechanical  alloying  (MA) 
process,  and  the  mechanical-alloyed  powder 
mixtures  were  sintered  using  the  spark 
plasma  sintering  (SPS)  process  at  a  heating 
temperature  800°C  during  9  minutes  under 
punch  pressure  50MPa.  It  has  been  con¬ 
firmed  that  the  sintered  parts  have  excellent 
mechanical  properties,  for  example,  the 
relative  density  is  100  %,  the  hardness  HV  is 
more  than  700,  and  the  compressive  fracture 
strength  is  more  than  lGPa.  Some  parts  with 
different  geometries  have  been  sintered  by 
the  SPS  process  of  Cu-33at%Al  and  the 
tribological  characteristics  have  been  inves¬ 
tigated  for  considering  some  application  to 
dies  of  forming  processes. 

Key  Words:  Intermetallic  Compounds, 
Spark  Plasma  Sintering,  Cu-Al  Powders, 
Forming  Dies 

Introduction 

Intermetallic  compounds  are  attractive 
materials  with  excellent  potential  for  use  at 
elevated  temperatures.  However,  the  major 
problems  limiting  its  use  for  structural 
components  are  low  elongation  in  tension 
and  impact  toughness  at  a  low  temperature 


and  so  poor  workability  and  formability. 
The  intermetallic  compounds  are  considered 
to  be  more  useful  in  practical  applications,  if 
various  parts  including  intermetallic  com¬ 
pounds  could  be  manufactured  by  a  near  net 
shape  processing  such  as  a  powder  metallur¬ 
gical  process. 

The  authors  have  developed  a  new 
near  net  shape  manufacturing  process  of 
parts  including  intermetallic  compounds  by 
a  spark  plasma  sintering  (SPS)  process.  It 
has  been  confirmed  in  the  previous  reports 
[1-5]  that  Cu-Al  or  Ti-AI  elemental  powders 
can  be  sintered  with  chemical  reaction  and 
some  parts  including  intermetallic  com¬ 
pounds  can  be  manufactured  and  the  sin¬ 
tered  parts  have  excellent  mechanical 
properties,  for  example,  the  relative  density 
is  100  %,  the  hardness  HV  is  more  than  700, 
and  the  compressive  fracture  strength  is 
more  than  1  GPa. 

In  the  present  paper,  some  parts  with 
different  geometries  are  tried  to  manufacture 
by  the  SPS  process  of  Cu-33at%Al  and  the 
tribological  characteristics  are  investigated 
for  some  applications  to  dies  of  forming 
processes. 

Experimental  Procedures 

Table  1  shows  the  chemical  composi¬ 
tion  of  the  copper  and  the  aluminum  pow- 
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ders  used.  The  copper  powder  used  is  an 
electrolytic  precipitation  powder  of  a  com¬ 
mercially  pure  copper,  and  occurs  irregu¬ 
larly  shaped  agglomerates  with  size  of  -100 
mesh  (less  than  150  pm).  The  aluminum 
powder  used  was  produced  by  an  atomiza¬ 
tion  process  of  a  commercially  pure  alumi¬ 
num  and  is  nodular  shape  with  size  of  -100 
mesh  (less  than  150pm). 

The  powder  mixture  of  Cu-33at%Al 
mixed  simply  were  milled  by  a  mechanical 
alloying  (MA)  process  during  24  hours 
under  the  conditions  with  the  frequency 
10.5Hz  and  the  ball  to  powder  weight  ratio 
20  using  a  cylindrical  ball-mill.  The  average 
particle  diameter  of  the  mechanical  alloyed 
powder  was  about  20-50  pm. 

Figure  1  shows  a  principle  scheme  of 
the  spark  plasma  sintering  (SPS)  process. 
The  powder  mixtures  are  sintered  directly  by 
a  resistant  heating  and  a  phenomenon  of 
microscopic  electric  discharge  between  the 
particles  under  a  punch  pressure  in  a  graph¬ 
ite  die.  The  sintering  is  carried  out  at  a 
temperature  T  =  800°C  during  9  minutes 
under  the  punch  pressure  p  -  50MPa  and  the 
degree  of  vacuum  about  10'2Torr.  It  has 
been  confirmed  in  the  previous  paper  [1-5] 
that  the  billets  sintered  under  the  conditions 


include  intermetallic  compounds  CU9AI4  and 
CuAI. 

Figure  2  shows  four  kinds  of  billets 
with  various  geometries  which  are  sintered 
using  the  different  punches  made  of  graphite 
as  shown  in  Figure  3. 

Effect  of  Height  on  Hardness  of  Billets 

Figure  4  shows  the  effect  of  the  billet 
(A)  height  h  and  lubrication  at  the  die  on  the 
Vickers  hardness  HV.  In  the  case  without 
lubricant  at  the  die,  the  hardness  HV  keeps 
constant  high  values  about  760  until  h  = 
10mm,  but  reduces  to  650  at  h  =  15mm. 
However,  HV  keeps  about  760  until  h  = 
1 5mm  when  the  inner  surface  of  the  die  was 
lubricated  by  a  Boron-Nitride  (BN). 


Tablel  Chemical  composition  of 


elemental  metal  powders  used 


Fig.l  Principle  scheme  of  spark  plasma 
sintering  (SPS)  process 
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Fig.3  Punch  geometries 
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Fig.4  Effects  of  billet  heights  and  lubri¬ 
cation  at  die  on  Vickers  hardness 
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Effect  of  Lubrication  at  Punches  on  HV 

Figure  5  shows  the  effects  of  lubrica¬ 
tion  by  BN  at  the  punches  on  HV  distribu¬ 
tions  of  the  sintered  billet  (B).  The  HV 
values  at  the  central  portion  are  lower  than 
those  at  the  peripheral  portion  of  the  billets 
in  the  case  without  any  lubricant  at  the 
punches,  as  shown  in  Fig.5(a),  while  the  HV 
keeps  uniform  high  value  about  750  when 
the  punch  ends  are  lubricated  by  BN  as 
shown  in  Fig.  5(b).  The  same  results  were 
obtained  in  the  case  of  the  billets  (C)  and 
(D).  Therefore,  the  powder  particles  can  be 
easy  to  move  along  the  punch  surfaces  in 
spite  of  the  different  reductions  at  the  central 
portion  and  the  peripheral  portion  when  the 


effective  lubricant  are  used.  As  a  result,  the 
uniform  hardness  can  be  obtained  for  differ¬ 
ent  geometries  of  various  billets. 

Figure  6  shows  the  cross  sections  of 
the  billets  (B),  (C)  and  (D)  sintered  with  the 
different  heights.  All  the  billets  were  sin¬ 
tered  successfully  and  had  uniform  hardness 
HV-  750  and  the  relative  density  of  100%. 

Simultaneous  Sintering  of  Twin  Billets 

Figure  7  shows  the  simultaneous 
sintering  method  of  twin  billets  (A).  Figure 
8  shows  the  effects  of  the  compaction 
pressure  p  and  the  billet  height  h  on  HV. 
Both  of  the  twin  billets  keep  uniform  high 
values  of  HV  -  750  under  the  conditions 
ranging  with  p  =  0~400MPa  and  h  = 
5~15mm. 


MA  powder(Billet  I) 
Graphite 
MA  powder 


Location  of  mesurement 


(Billet  II) 
Punch 


Fig.7  Simultaneous  sintering  method  of 
twin  billets  (A) 


800 

(a)  No  lubrication 

700 

B=— Q - 0 - Q - e 

St:  600 

—•—Upper 

<£  500 

-*-Center 

1  400 

-o-  Lower 

B  300 

■  : 

200 

>  100 

o 

1  2  3  4  5  6 

Location  of  mesurement 

(b)  Lubrication  by  BN 
Fig.5  Effect  of  lubrication  by  BN  at 
punch  on  HV  distribution 


800 

^  750 

1 

1  700 

%  650 
> 

600 

Compaction  pressure p  ,  MPa  Billet  height  h  ,  mm 

Fig.8  Effect  of  compaction  pressure  and 
height  of  billets  on  HV  in  simulta¬ 
neous  sintering  of  twin  billets 
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Fig.6  Cross  sections  of  billet  sintered  into  various  geometries  with  different  height 
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Frictional  Characteristics  by  Ring 
Compression  Type  Friction  Test 

Some  ring  compression  type  friction 
tests  were  carried  out  to  investigate  the 
frictional  characteristics  of  the  dies  by  the 
SPS  process.  The  dies  were  manufactured 
by  sintering  Cu-33at%Al  elemental  metal 
powders  and  were  built  up  by  reinforcement 
as  shown  in  Figure  9(a).  The  test  results 
were  compared  with  those  in  the  case  of  dies 
made  of  tool  steel  alloy  (SKD11  in  JIS).  A 
commercially  pure  aluminum  (A1050)  and 
copper  (Cl  100)  were  used  as  ring  blanks  as 
shown  in  Figure  9(b).  Three  mineral  oils 
with  different  viscosity  VG2,  VG26  and 
VG1000  were  used  as  a  lubricant. 

Figure  10  shows  the  relationship 
between  the  friction  coefficients  and  the 
viscosity  using  the  different  dies.  All  the 
friction  coefficients  are  highest  without 
lubricant  and  decreases  with  the  increasing 
of  viscosity.  The  friction  coefficients  with 


Cu-33at%AI  sintered 
S45C 


n 

^  | 

.  020 ; 

[05 

0 10  J 


050 


(a)  Die  (b)  Ring  blank 

Fig.9  Die  and  ring  blank  for  ring  com¬ 
pression  type  friction  test 


Lubricants 

Fig.10  Variation  of  friction  coefficient 
with  viscosity  using  different  dies 


the  Cu-Al  die  are  a  little  bit  lower  than  those 
with  the  SKD1 1  die  in  case  of  the  aluminum 
blank,  while  the  friction  coefficient  with  the 
Cu-Al  die  is  higher  than  those  with  the 
SKD1 1  in  case  of  the  copper  blank. 

Conclusions 

Cu-33at%A!  elemental  metal  powders 
have  been  mechanical  alloyed  and  sintered 
by  the  SPS  process  to  manufacture  some 
parts  with  different  geometries  for  applica¬ 
tion  to  some  application  for  dies  of  forming 
processes.  As  a  result,  the  following  conclu¬ 
sions  were  obtained. 

1.  Some  billets  of  various  geometries  with 
different  heights  were  sintered  success¬ 
fully  with  uniform  high  hardness  when 
the  dies  and  the  punches  are  lubricated 
by  Boron-Nitride  (BN). 

2.  Twin  billets  were  successfully  manufac¬ 
tured  with  uniform  high  hardness  by  the 
simultaneous  sintering  method. 

3.  The  friction  coefficients  with  the  Cu-Al 
die  are  a  little  bit  lower  than  those  with 
the  SKD11  die  in  the  case  of  aluminum 
blank,  while  the  friction  coefficient  with 
the  Cu-Al  die  is  higher  than  those  with 
the  SKD1 1  in  the  case  of  copper  blank. 
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ABSTRACT 


This  paper  describes  fabrication  of  an  active  composite  working  at  high  temperatures.  In  this 
study,  the  concept  of  SiC/Al  active  composite  was  applied  to  nickel  matrix  composite.  In  this 
case,  SiC/Ni  layer  was  laminated  on  unreinforced  nickel  plate  with  aluminum  insert. 
Fabrication  condition  of  this  material  was  examined  and  an  appropriate  condition,  that  is,  hot 
pressing  temperature  993  K,  pressure  27  MPa,  time  4.8  ks  in  a  low  vacuum  of  1  x  102  Pa  using 
0.1mm  thick  insert  was  obtained.  There  remained  a  thick  interaction  layer  of  NiAl 
intermetallic  phase  around  the  bonded  line  of  this  material.  The  curvature  of  this  composite 
increases  with  increasing  temperature  up  to  higher  than  1200  K,  which  shows  the  possibility 
of  it  as  an  active  material  working  at  high  temperatures. 


1.  INTRODUCTION 

In  the  previous  papers  [1,  2],  CFRP  prepreg  as  a  low  CTE  material  and  aluminum  plate  as  a 
high  CTE  material  was  laminated  to  obtain  an  active  and  light  material  by  thermal 
deformation  due  to  large  CTE  mismatch  in  the  fiber  direction  and  joule  heating  of  the  carbon 
fiber  in  the  CFRP  layer.  In  order  to  increase  the  working  temperatures,  a  FRM  based  active 
composite,  that  is,  a  laminate  of  FRM  plate  and  unreinforced  matrix  plate  as  shown  in  Fig.  1 
was  proposed  [3-5]. 

In  this  paper,  a  nickel  based  active  composite  aiming  at  high  temperature  use  was  tried  to  be 
fabricated  and  its  working  temperature  was  investigated. 
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■  High  CTE  ■  Generation  of  heat 

(MUSCLE)  •  Sensor  for  temperature,  strain,  . . . 

(NERVE,  BLOOD  VESSEL) 

Fig.  1  A  new  FRM  based  active  material. 


2.  EXPERIMENTAL 

Nickel  plates  of  0.1  and  0.3mm  thickness,  30mm  width,  60mm  length  and  99.7%  purity  were 
used  as  matrix,  and  SiC  fiber  of  0.14mm  diameter  was  used  as  reinforcement.  Pure  aluminum 
foil  or  plate  of  0.01,  0.018  or  0.1mm  thickness  was  used  as  insert.  These  materials  were  piled 
up  as  shown  in  Fig.  2  and  it  was  hot  pressed  under  various  conditions. 

One  of  successfully  obtained  samples  was  heated  up  from  room  temperature  to  1273K  in  an 
electric  furnace,  of  which  shape  was  recorded  with  a  digital  camera  for  calculation  of  its 
curvature. 


3.  RESULTS  AND  DISCUSSION 


The  materials  were  bonded  only  when  0.1mm  thick  aluminum  plate  was  used.  The  hot 
pressing  condition  was  selected  as  993K,  27MPa,  4.8ks  and  1  x  102Pa,  where  the 
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Nickel  plate  SiC  fiber  Aluminum  plate  or  foil 


Fig.  2  Cross  sections  of  the  materials  piled  up  for  hot  pressing. 


(a)  (b) 


Fig.  3  SEM  images  of  cross  sections  of  the  specimens  hot  pressed 
under  (a)  993K,  27MPa,  4.8ks  and  (b)  973K,  16MPa,  1.2ks. 

The  analyses  lines  by  EPMA  are  indicated  in  figures  (a). 


microstructure  as  shown  in  Fig.  3(a)  was  obtained.  In  the  Fig.  3(b),  the  microstructure 
obtained  when  hot  pressed  under  973K,  16MPa,  1.2ks  and  lxi02Pa  is  shown  for  comparison. 
Most  of  the  reaction  zone  observed  in  the  successful  microstructure  proved  to  consist  of  NiAl 
intermetallic  phase  due  to  the  results  of  the  EPMA  line  analysis  as  shown  in  Fig.  4  and  XRD 
analysis. 

A  sample  fabricated  under  the  some  hot  pressing  condition  as  that  of  the  one  shown  in  Fig. 
3(a)  was  heated  and  its  curvature  change  depending  on  the  temperature  increase  was  obtained 
as  shown  in  Fig.  5.  According  to  this  figure,  its  curvature  continues  to  increase  up  to  the 
temperatures  higher  than  1200K  and  the  shape  drastically  changes  as  shown  in  the  same 
figure,  which  means  that  this  material  system  has  possibility  to  work  as  a  high  temperature 
active  composite.  Though  the  sample  tends  to  have  a  slight  curvature  in  the  width  direction, 
this  problem  is  thought  to  be  solved  by  development  of  the  continuous/discontinuous  fiber 
type  active  composite  [6]. 
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Fig.  4  Results  of  nickel  and 
aluminum  analyses  by  EPMA 
crossing  the  bondeded  area  (a) 
without  and  (b)  with  fiber  as 
shown  in  Fig.  3  (a). 
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Fig.  5  Effect  of  temperature  on  curvature  of  the  SiC/Ni 
active  composite. 


4.  CONCLUSIONS 

(1)  The  SiC/Ni  active  composite  was  successfully  obtained  under  the  hot  pressing  condition 
of  993K,  27MPa,  4.8ks  and  1 X  102Pa  by  using  an  insert  of  0.1mm  thick  aluminum  plate. 

(2)  Its  curvature  continues  to  increase  from  room  temperature  up  to  the  temperatures  higher 
than  1200K  and  the  shape  drastically  changes,  which  means  that  this  material  system  has 
possibility  to  work  as  a  high  temperature  active  composite. 
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Abstract 

Copper  matrix  composites  are 
gaining  great  interests  as  heat  sink  materials 
such  as  electronic  packaging.  In  this  study, 
TiB2/Cu  composites  were  synthesized  by  a 
reactive  infiltration  process.  The  reactive 
infiltration  in  this  work  makes  use  of; 

(i)  reaction  between  titanium  and  boron 
powders,  which  forms  porous  TiB2 

(ii)  infiltration  of  molten  Cu  with 
synthesized  porous  TiB2. 

Adiabatic  temperature  of  TiB2  formation 
was  controlled  by  adding  Cu  or  TiB2 
powders,  which  absorbs  the  heat  of  reactions. 
When  the  adiabatic  temperature  was 
sufficiently  controlled,  TiB2/Cu  composites 
were  successfully  made,  whereas  the 
composite  could  not  be  made  without 
controlling  the  adiabatic  temperatures. 

Key  Words:  Heat  Sink,  Combustion 
Reaction,  Copper,  Titanium  Boride  (TiB2) 


Introduction 

Ceramic/Cu  composites  are 
regarded  as  a  potential  candidate  for  heat 
sink  materials  due  to  high  thermal 
conductivity  and  controlled  thermal 
expansion.  One  of  the  common  processing 
routes  for  producing  the  Ceramic/Cu 
composite  is  high-pressure  infiltration,  in 
which  molten  Cu  is  forced  to  penetrate  into 
the  ceramic  powder  preform.  However, 
this  process  requires  special  equipments  to 
produce  high  pressure,  and  reaction  at  the 
interface  is  also  a  problem.  For  example, 
in  SiC/Cu  system,  decomposition  of  SiC 
significantly  deteriorates  thermal 
conductivity  of  Cu  matrix.  In  situ 
processing,  in  which  the  second  phase  ,  is 
chemically  formed  during  a  fabrication 
process,  can  potentially  solve  the  problem. 
In  this  work,  in  situ  processing  of  TiB2/Cu 
composites  was  investigated.  Figure  1 
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shows  the  basic  concept  of  this  experiment. 
The  blended  elemental  powders  consisting 
mainly  of  Ti  and  B  are  compacted.  The 
powder  preform  was  put  in  a  crucible  and  a 
Cu  ingot  was  located  on  the  preform.  Then 
the  whole  specimen  was  heated  to  melt  the 
Cu  ingot  and  to  induce  reaction  between  Ti 
and  B.  The  heat  of  TiB2  formation  is  large 
enough  to  increase  the  temperature  of  the 
whole  system,  which  results  in  making 
wettability  between  TiB2  and  molten  Cu 
better.  Thus,  the  molten  Cu  penetrates  into 
the  porous  TiB2  spontaneously. 
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in  height)  and  located  in  an  induction 
furnace  with  a  Cu  ingot  (Fig.2).  The 
specimen  was  heated  up  to  1473K  in  Ar  gas 
atmosphere  to  make  the  composites. 
Vertical  cross-sections  were  observed  by 
scanning  electron  microscopy  to  identify 
whether  the  in  situ  reaction  occurred. 


Powder  Blend  AIzOs  Crucible 


Fig  1  Basic  idea  of  the  present  work 

Experimental  Procedure 

B  powder  (<44pm),  Ti  powder 
(<44pm),  Cu  powder  (<44pm)  and  TiB2 
(<44pm)  powder  were  used  as  starting 
materials.  The  molar  blending  ratio  of  Ti 
and  B  was  fixed  to  1 :2  (this  blended  powder 
is  denoted  as  [Ti+2B]  powder  in  following 
sections).  Cu  powder  or  TiB2  powder  was 
then  mixed  with  the  [Ti+2B]  powder.  The 
blending  ratio  of  Cu  or  TiB2  to  the  [Ti+2B] 
powder  was  varied  from  30vol%  to  60vol%. 
These  powders  were  compacted  in  a 
cylindrical  shape  (15mm  in  diameter,  10mm 


Fig.2  Experimental  set-up 
for  the  infiltration  experiment 

Results 

Combustion  reaction  between  Ti  and  B 
First  of  all,  combustion  synthesis  of  TiB2 
from  [Ti+2B  (with  Cu  addition)]  powder 
was  carried  out  to  see  if  the  appropriate 
reaction  took  place  or  not  for  producing 
TiB2/Cu  composites.  Results  showed  that 
the  heat  of  reaction  between  Ti  and  B  was  so 
high  that  the  original  shape  of  the  blended 
powder  compact  could  not  be  maintained 
when  blending  ratio  of  Cu  was  not  sufficient. 
Figure  3  shows  the  macroscopic  view  of  the 
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combustion-synthesized  specimen  made 
from  (a)  [Ti+2B  (with  40vol%Cu)]  and  (b) 
[Ti+2B  (with  50vol%Cu)].  Fig.3(a)  shows 
that  the  specimen  was  broken  into  small 
pieces  during  the  combustion  reaction 
(self-breakage).  However,  the 

self-breakage  was  prevented  by  adding  more 
than  50vol%Cu  in  the  [Ti+2B]  blended 
powder.  The  same  tendency  was  also 
observed  when  TiB2  powder  was  added  in 
the  [Ti+2B]  powder. 


(a) 


10mm 


Fig.3  Macroscopic  view  of  the  combustion 
synthesized  specimens 

(a)  [Ti+2B  (with  40vol%Cu)l 

(b)  [Ti+2B  (with  50vol%Cu)] 

Infiltration  Experiment 
Three  kinds  of  powder  compacts; 

(a)  [Ti+2B]  with  50vol%Cu  (reactive) 

(b)  [Ti+2B]  with  50vol%TiB2  (reactive) 


(c)  TiB2  (non  reactive) 

were  applied  to  the  infiltration  experiment  to 
identify  the  possibility  of  the  spontaneous 
infiltration.  Macroscopic  views  of  the 
three  specimens  are  shown  in  Fig.4.  The 
spontaneous  infiltration  of  molten  Cu  in  the 
reactive  powder  phase  was  identified, 
whereas  the  infiltration  into  non-reactive 
TiB2  powder  phase  did  not  take  place 


Fig.4  Macroscopic  view  of  specimens  after 
attempting  spontaneous  infiltration 

(a)  [Ti+2B]  with  50vol%Cu  (reactive) 

(b)  [Ti+2B]  with  50vol%TiB2  (reactive) 

(c)  TiB2  (non  reactive) 

Microscopic  Observation 

Microscopic  observation  was  carried  out  on 

cross-sections  of  the  Cu  infiltrated; 

(a)  [Ti+2B]  with  50vol%Cu,  and 

(b)  [Ti+2B]  with  50vol%TiB2 
specimens  (Fig.5  (a)  and  (b),  respectively). 
X-ray  diffraction  analysis  was  carried  out  to 
identify  what  is  synthesized  by  the  reaction, 
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and  X-ray  peaks  were  observed  only  at 
appropriate  angular  positions  of  Cu  and  TiB2. 
Dark  particles  in  Fig.5  (a)  and  (b)  are  TiB2 
particles.  Large  TiB2  (>10pm)  in  Fig.5  (b) 
is  the  blended  powder  and  small  (1-2 pm) 
particles  are  reaction  synthesized  TiB2. 
Thus,  formation  of  TiB2  was  clearly 
identified  in  both  specimens  (no  residual  Ti 
or  B  was  identified).  Micro  pore  is  not 
visible,  which  indicates  the  complete 
infiltration  of  molten  Cu. 


Conclusions 

Copper  matrix  composites 
reinforced  by  TiB2  particle  were  synthesized 
using  the  reaction  between  titanium  and 
boron.  Cu  or  TiB2  powder  was  blended 
with  [Ti+2B]  powder  to  make  the  reaction 
moderate. 

Molten  Cu  infiltrated  in  [Ti+2B] 
powder  compacts  (with  addition  of 
appropriate  amount  of  Cu  or  TiB2  powders), 
whereas  infiltration  into  non-reactive  TiB2 
powder  compact  did  not  take  place. 

Complete  conversion  of  Ti  and 
B  into  TiB2  was  confirmed  in  both  Cu 
added  and  TiB2  added  specimens. 


Fig.5  Cross-sections  of  the  Cu  infiltrated 
specimens. 

(a)  [Ti+2B]  with  50vol%Cu 

(b)  [Ti+2B]  with  50vol%TiB2 
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Abstract 

The  reactive  plasma  process  with 
pre-irradiation  of  a  relativistic  electron  beam 
was  developed  for  direct  surface 
modification  of  TiAl  intermetallics  in  order 
to  extend  lifetime  in  several  environments. 
The  surface  modified  layers  was  successfully 
formed  by  nitridation  and  oxidation  using 
this  plasma  process.  The  pre-irradiation  of  20 
MeV  electron  beam  can  influence  the 
subsequent  reaction  behavior  of  TiAl  with 
nitrogen  and  oxygen  plasma.  This  plasma 
process  is  expected  to  apply  to  surface 
modification  of  the  composites  as  well  as  the 
alloys  with  third  elements. 

Key  Words:  intermetallics,  plasma,  surface 
reaction,  lifetime  extension 

Introduction 

TiAl  intermetallics  are  promising  as 
one  of  the  candidates  for  novel  structural 
materials  in  aerospace  and  automobile 
industries  [1],  In  order  to  improve  the 
mechanical  properties  of  TiAl  alloys,  the 
microstructural  control  by  heat  treatment  and 
the  alloy  design  with  third  elements. 
Furthermore,  the  composite  materials  with 
ceramic  or  metallic  particles  and  fibers  have 
also  successfully  developed  using  skillful 
processes. 


Although  the  success  in  improving 
mechanical  properties  of  TiAl  alloys,  these 
material  designs  are  not  always  sufficient  for 
suppressing  external  chemical  and  physical 
damages.  Therefore,  the  material  designs  for 
extending  material’s  lifetime  are  important  in 
order  to  establish  practical  applications  of  the 
alloys.  In  this  situation,  the  surface 
modification  techniques,  which  are 
compatibly  performed  with  the  materials 
designs  for  improving  mechanical  properties, 
are  promising  as  an  effective  technology  [2]. 
The  surface  modification  processes  are 
briefly  divided  into  two  categories;  coating 
[2]  and  direct  modification  [3-5]. 

Recently,  the  present  authors  have 
developed  the  reactive  plasma  process  for 
direct  modification  of  metals  [3,4,6]  and 
intermetallics  [5],  in  order  to  achieve  lifetime 
extension.  By  using  this  process,  the 
modified  surface  layers  composed  of 
ceramics  with  a  compositional  gradient  have 
been  successfully  fabricated  on  these 
materials.  This  paper  describes  the 
processing  details  for  modifying  TiAl 
surface. 

Experimental  Procedure 

The  Ti-48at%Al  alloy  was  fabricated 
by  hot-pressing  a  commercial  alloying 
powder  (Kyouritsu  Ceramic  Materials  Co., 
Ltd.)  in  vacuum.  Plates  of  5  x  8  x  1  mm3  in 
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dimension  were  obtained  from  the  hot- 
pressed  disks.  After  polishing  the  plates, 
vacuum  annealing  was  conducted  at  623  K 
for  10.8  ks.  The  20  MeV  electron  beam 
irradiation  of  9  x  1015  -  3.6  x  10K>  m'2  in 
fluence  was  performed  for  some  plates  at 
ambient  temperatures  prior  to  the  plasma 
process. 

The  constitution  of  apparatus  of  the 
reactive  plasma  process  was  described  in 
previous  papers  [3,4,6].  In  this  work,  the 
nitridation  and  oxidation  were  performed  at 
1373  and  1073  K,  respectively.  The  source 
plasma  was  generated  using  a  Penning  Ion 
Gauge  (PIG  discharge)  under  a  gas  pressure 
below  0.1  Pa. 

The  microstructure  and  constitutional 
phases  of  modified  layers  were  characterized 
by  scanning  electron  microscopy  (SEM)  and 
X-ray  diffraction  (XRD).  Furthermore,  the 
specimens  were  exposed  in  air  at  1073  and 
1273  K  for  260  ks,  as  a  preliminary 
investigation  of  oxidation  resistance. 

Results  and  Discussion 

As  the  result  of  chemical  reaction 
with  a  nitrogen  plasma,  the  modified  layer, 
composed  of  a  double-layer  structure,  was 
obtained  as  shown  in  Fig.  1.  The  top  surface 
layer  mainly  consist  of  a  ternary  nitride, 
Ti2AIN  [5].  In  the  sub-surface  layer,  which 


Fig.  1  Cross-sectional  SEM  micrograph 
of  nitrided  layer  formed  on  Ti- 
48at%  A1  alloy  at  1373  K.  The 
specimen  was  chemically  etched 
with  the  Kroll’s  reagent. 


corresponds  to  a  diffusion  layer  without 
nitride  formation,  the  lamella  structure  of  Ti 
aluminides  is  not  observed.  Because  the 
reaction  product  has  high  melting  point  and 
hardness  [5],  heat  and  wear  resistance  are 
expected  to  improve  by  the  nitridation. 

However,  the  ternary  nitride  is  easily 
oxidized  at  initial  stage  of  high  temperature 
oxidation  [7],  and  is  insufficient  to  form  the 
protective  oxide  scale.  Hence,  the  oxidation 
resistance  of  TiAl  alloys  is  hardly  improved 
by  the  nitridation.  Figure  2  (a)  and  (b)  show 
the  cross-sectional  SEM  micrographs  of  the 
nitrided  specimen  after  exposing  in  air  at 
1073  and  1273  K  for  260  ks.  The  specimens 
irreparably  damaged  by  high  temperature 
oxidation  at  1273  K  as  shown  in  Fig.  2  (b). 
The  oxidation  resistance  of  the  nitrided 
specimens  is  limited  to  ~  1100  K. 


Fig.  2  Cross-sectional  SEM  micrograph 
of  nitrided  layer  formed  on  Ti- 
48at%Al  alloy,  after  exposing  in 
air  at  (a)1073~and  (b)1273  K  for 
260  ks. 

On  the  other  hand,  the  surface 
modification  with  an  oxygen  plasma  is 
worthy  to  be  investigated  from  the  viewpoint 
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of  protective  scale  formation  against  high 
temperature  oxidation.  As  the  result  of  the 
present  examination,  the  modified  layers 
were  not  definitely  formed  with  an  oxygen 
plasma  below  973  K.  Then,  the  processing 
temperature  set  to  be  1073  K. 

Figure  3  shows  the  cross-sectional 
micrograph  of  the  oxidized  specimen  using 
reactive  plasma  process  at  1073  K  for  16.2  ks. 
The  modified  layer  of  ~10  pm  in  thickness 
was  successfully  fabricated  by  the  reaction 
with  an  oxygen  plasma.  According  to  XRD 
pattern  measured  with  X-rays  incident 
perpendicular  to  the  sample  surface,  a  cubic 
ternary  oxide,  Ti5Al302  [8],  was  detected  as 
shown  in  Fig.  4  (a). 


Fig.  3  Cross-sectional  SEM  micrograph 
of  oxidized  layer  formed  on  Ti- 
48at%AI  alloy  at  1073  K. 


In  our  project,  the  effect  of  pre- 
treatment  using  relativistic  electron  beam  and 
low  energy  ion  beam  irradiation  on  the 
reactive  plasma  process  is  investigating  as 
the  technique  for  controlling  thickness  and 
constitutional  phase  of  the  modified  layers. 
The  effect  of  20  MeV  electron  beam  pre¬ 
irradiation  on  the  chemical  reaction  of  TiAl 
with  an  oxygen  plasma  is  described  below. 

Figures  4  (b)  and  (c)  show  the  XRD 
patterns  of  oxidized  specimens  prepared  with 
the  20  MeV  electron  beam  pre-irradiation. 
The  reaction  products  apparently  different 
depending  on  the  fluence  of  electron  beam 
pre-irradiation.  In  the  case  of  the  electron 


beam  pre-irradiation  of  9.0  x  1013  m'2  in 
fluence,  different  phases  from  Ti5Al302  were 
formed  by  the  reaction  with  oxygen  plasma 
as  shown  in  Fig.  4  (b).  These  diffraction 
peaks  are  not  distinctly  identified  within  the 
limits  of  this  experiment.  The  precise 
analyses  are  further  needed  to  identify  the 
reaction  products.  The  electron  beam  pre- 
irradiation  above  1.8  x  1014  m‘2  results  in  the 
formation  of  Ti02  (rutile),  as  well  as  the 
unknown  phases.  Many  lattice  defects  are 
formed  in  the  alloy  by  the  electron  beam 
irradiation.  Although  the  concentration  of 
these  defects  sinks  by  annealing,  the  retained 
defects  can  influence  to  the  ordering  manner 
during  reactive  plasma  process. 


2  0  (Cu  Ka) 


Fig.  4  XRD  patterns  of  oxidized  Ti-48at% 
AI  alloy  using  reactive  plasma  process  (a) 
without  pre-treatments,  and  with  20  MeV 
electron  beam  pre-irradiation  of  (b)  9.0  x 
1013  and  (c)  1.8  x  1014  m 2  in  fluence. 
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It  still  remains  unclear  whether  these 
modified  layers  sufficiently  exhibit  oxidation 
resistance  in  air  at  elevated  temperatures. 
Moreover,  the  protective  scale  formation  is 
significantly  influenced  by  alloying  third 
elements.  Therefore,  the  alloying  or  ion 
implantation  with  the  elements  which  are 
useful  for  enhancing  oxidation  resistance, 
such  as  Nb,  should  be  examined  as  the 
pretreatment,  in  order  to  establish  the  surface 
modification  technology  for  TiAl  alloys. 
This  process  is  also  expected  to  be  applied  to 
TiAl  matrix  composites  as  well  as  their  based 
alloys. 

Conclusions 

The  direct  surface  modification  of 
Ti-48at%Al  alloy  was  conducted  by  reactive 
plasma  process  using  nitrogen  and  oxygen 
plasma.  The  modified  layers  were 
successfully  formed  by  this  process.  The 
pretreatment  by  irradiating  a  relativistic 
electron  beam  clearly  influences  reaction 
behavior  with  the  plasma. 
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Abstract 

In  this  paper  the  experience  gained  in 
embedding  sensorless  optical  fibers  into  cast 
metal  alloys  is  extended  to  Fibre  Bragg 
Gratings  (FBGs).  A  zinc-aluminium  alloys 
has  been  used  to  cast  a  smart  slender  bar  to 
be  used  for  static  and  dynamic  tests.  Strain 
measurements  have  been  obtained  directly 
by  the  embedded  FBG. 

Key  Words:  Embedding,  Zinc  alloy,  FBG. 

Introduction 

The  interest  for  embedding  optical 
fibres  into  structural  components  is  twofold. 
On  one  side  the  optical  fibre  should  be,  in 
analogy  with  all  living  beings,  part  of  a 
nervous  system  capable  of  detecting  all 
types  of  flaws  or  defects  inside  the  structure. 
On  the  other  side  the  structure  provides  a 
protection  for  the  fibre  itself.  Embedding 
optical  fibre  into  metal  alloys  presents 
problems  concerning  the  high  temperatures 
and  the  chemical  reactivity  of  the  metal 


melts.  For  this  reason  in  the  literature, 
differently  from  the  case  of  composite 
materials,  very  few  works  are  available  on 
the  embedding  into  metal  alloys.  Besides  the 
works  made  by  our  research  group  we 
would  like  to  mention  some  papers 
produced  by  Japanese  colleagues  [1,2]. 
Another  important  condition  for 
manufacturing  a  metal  smart  structure  is  the 
good  wettability  of  the  fibre  with  respect  to 
the  hosting  metal  matrix.  Low  cost 
commercially  available  fibres  are  provided 
with  either  acrylate  or  polyimide  coatings. 
Previous  works  [3-6]  have  shown  that  the 
embedding  of  organic  coated  optical  fibres 
creates  a  not  satisfactory  interface 
fibre/metal  matrix.  It  is  possible  to  use 
custom  made  metallic  coated  optical  fibres 
[3-5]  but  the  cost  and  time  of  procurement 
may  be  very  high.  Furthermore  if  Fibre 
Bragg  Gratings  (FBG)  are  to  be  used, 
complications  may  be  even  higher. 
Therefore  the  easiest  way  is  to  remove  the 
coating.  The  elimination  of  the  polyimide  is 
possible  by  burning  it  with  a  lighter  but  the 
fibre  becomes  brittle  making  difficult  the 
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removal  of  burned  residuals  [5]. 
Consequently  we  have  chosen  to  remove  the 
acrylate  coating  with  dichloromethane  (CH2 
Cb).  Even  if  embedding  into  aluminium 
alloys  is  possible  [3-5]  in  this  preliminary 
work  we  preferred  to  use  a  less  severe 
casting  process  using  a  lower  melting  point 
alloy.  This  choice  was  also  forced  by  the  use 
of  (FBGs)  that  have  a  more  limited 
temperature  range  with  respect  to  the  optical 
fibre.  However  the  success  of  the  tests 
performed  in  this  work  call  for  the 
realization  in  the  near  future  of  a  smart  bar 
made  of  an  aluminium  alloy.  The  objective 
of  the  paper  is  to  prove  the  possibility  of 
measuring  strains  by  using  an  embedded 
FBG.  In  previous  works  we  have  already 
proved  the  feasibility  of  measuring  strains 
by  using  a  Michelson  or  Mach  Zehnder 
interferometer  [4-7]  but  those  provides  a 
global  measurement,  i.e.,  the  strain 
integrated  over  the  embedded  fibre.  With 
the  FBG  we  are  instead  capable  of  making 
point  measurements  which  could  be  used  for 
performing  an'  experimental  modal  analysis, 
useful  for  identification  purposes. 

Experimental 

A  Zn-Al  bar  with  an  embedded 
optical  fibre  containing  an  FBG  has  been 
manufactured.  The  FBG  is  an  in  fibre 
optical  sensor  that  can  measure  strain 
induced  by  mechanical  or  thermal 
excitation.  It  is  realized  by  a  sort  of 
photographic  process  by  using  an  ultraviolet 
laser  light.  The  exposition  induce  a  periodic 
variation,  of  spatial  wavelength  A,  into  the 
fibre  core.  The  grating  length  is  about  1cm. 
When  a  broadband  (50  nm)  light  is  launched 
into  the  fibre  the  grating  reflects  only  the 
component  given  by  Xb  =  nerr  A,  where  Xb 
is  the  Bragg  wavelength  and  neff  the 
effective  index  of  refraction.  This  property 
allow  to  multiplex  many  FBGs  with 
different  Bragg  wavelengths  within  the 
same  fibre.  When  the  grating  is  subjected  to 
strain  Xb  will  be  shifted  slightly.  By 


measuring  with  an  interrogation  system  this 
shift  it  is  possible  to  retrieve  the  strain  down 
to  1  pe.  As  mentioned  in  the  introduction 
the  acrylate  coating  has  been  removed  in 
correspondence  of  the  sensor  and  for  about 
the  length  of  the  bar.  The  bar  dimensions 
were  0.2  x  0.005  x  0.0045  m.  The  alloy  is 
commercially  known  as  Galfan®  (nominal 
composition  94.9%  Zn,  5%  Al,  0.1%  misch 
metal).  This  alloy  has  optimal  wettability 
with  respect  to  the  silica  [6].  A  vertical 
mould,  made  of  graphite,  has  been  used.  The 
fibre  has  been  placed  vertically  i.e.,  in  the 
direction  of  casting  and  maintained  in  place 
by  two  cylindrical  steel  tubes  blocked  by 
properly  wrapped  aluminium  foils.  The  fibre 
has  been  positioned  off  the  neutral  axis  of 
the  bar.  The  vertical  position  has  been 
chosen  to  eliminate  the  effects  induced  by 
the  floating  of  the  fibre  during  the  filling  of 
the  mould.  In  Fig.  1  is  reported  a  photograph 
of  the  open  mould  soon  after  solidification 
of  the  specimen.  It  is  visible  the  specimen 
with  the  feeder  head  before  its  removal. 
Also  the  optical  fibre  and  the  steel  tube, 
used  to  prevent  fibre  from  breaking  in  the 
ingress/egress  from  the  specimen  are  shown. 


Fig.  1  Open  mould  with  cast  specimen. 

A  further  bar  has  been  manufactured  in 
order  to  perform  metallographic  analysis  to 
evaluate  the  quality  of  the  fibre/matrix 
interface  and  to  look  for  possible  broken 
section  of  the  fibre.  The  bar  has  been  cut  in 
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several  pieces  both  in  the  longitudinal  and 
transversal  directions.  The  observation 
surfaces  have  been  polished  using  silicon 
carbide  papers  and  alumina  in  suspended 
particles.  The  metallographic  specimen  has 
been  observed  using  the  Scanning  Electron 
Microscope  (SEM).  The  bar  has  been  tested 
statically  using  the  set  up  reported  in  Fig.  2. 


Fig.  2  Set  up  for  static  test. 

A  micrometric  screw  pushes  the  bar  while 
the  Micron  Optics  interrogation  system 
provides  the  strains  in  terms  of  Bragg 
wavelengths.  The  limitation  of  the  Micron 
Optics  system  is  the  rate  of  interrogation 
(100  Hz)  that  does  not  allow  for  a  broad 
band  test.  From  this  the  need  of  using  a 
vibration  exciter  with  relevant  power 
amplifier  (both  from  B  &  K)  to  force  at  low 
frequency  the  bar  mounted  horizontally.  In 
Fig.  3  it  is  possible  to  recognize  the  cantile¬ 


ver  bar  (lower  part  of  the  picture),  the 
optical  fibre  emerging  from  the  bar  and  the 
vibration  exciter  in  the  centre  connected 
through  the  big  cable  to  the  power  amplifier. 

Results  and  Discussion 

The  observation  of  the 
metallographic  longitudinal  and  transversal 
sections  have  shown  (Fig.  4)  that  the  interfa- 


Fig.  4  SEM  micrograph  of  optical  fibre 
embedded  into  a  Zn-Al  alloy. 

ce  fibre/metal  is  very  good  and  that  the  fibre 
is  exempt  from  damages.  The  alloy  starts 
solidification  on  the  fibre  surface  and 
dendrides  grow  in  the  radial  direction  with 
respect  to  the  fibre.  Neither  shrinkage 
cavities  nor  bobbles  are  present  in  the  cast. 
In  Fig.5  are  reported  in  ordinate  the  readings 


Fig.  3  Detail  of  set  up  for  dynamic  test.  Fig*  5  Results  from  static  tests- 
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from  the  interrogation  system  (Bragg 
wavelength  in  nanometer)  and  in  abscissa 
the  readings  from  the  micrometer  in  /Am. 
The  experimental  points  from  successive 
cycles  of  loading  and  unloading  show  a 
substantial  repeatability  of  the  measurement. 
The  presence  of  the  two  curves  shows  a 
situation  similar  to  what  expected  if  one 
would  have  been  using  two  FBGs  “written” 
on  the  same  fibre  but  characterized  by 
Bragg  wavelengths  differing  of  about  0.5 
nm.  Instead  the  two  wavelengths  arose 
because  of  the  manufacturing  process  of  the 
specimen.  We  are  aware  of  similar  situation 
being  encountered  with  FBGs  embedded 
into  thermoset  based  composite  materials. 
The  reason  of  this  behaviour  could  be  found 
in  the  birefringence  induced  on  the  fibre  by 
the  abovementioned  manufacturing 
processes.  As  far  as  the  dynamic  tests  are 
concerned,  different  forcing  frequencies 
have  been  used.  However  due  to  the 
limitations  on  the  sampling  rate  of  the 
interrogation  system  (100  Hz)  and  on  the 
data  acquisition  rate  of  the  associated 
computer  board  (15  Hz)  it  was  not  possible 
to  retrieve  reliable  sinusoidal  responses 
above  4  Hz.  For  the  sake  of  brevity  only  one 
response  diagram  is  reported  for  the 
dynamic  test  (Fig.  4).  Differently  from  Fig. 
3  in  ordinate  is  reported  the  value  of  the 
shifts  of  X,B  assuming  XB  =  0.  when  the  bar 
is  at  rest.  In  abscissa  is  reported  the  time  in 
seconds. 


Fig.  6  Results  from  dynamic  test  at  4  Hz. 


The  not  perfectly  sinusoidal  behaviour  of 
the  response  could  be  imputed  to  the 
imperfect  contact  of  the  exciter  rod  with  the 
bar  (Fig.  3)  as  well  as  to  the  exciter  itself 
whose  response  curves  are  given  for 
frequencies  above  10  Hz. 

Conclusions 

The  embedding  of  an  FBG  in  a  Zn- 
A1  alloy  has  been  successful.  However  the 
signal  reflected  by  the  FBG  has  shown  a 
splitting  probably  due  to  a  birefringence 
induced  by  the  casting  process.  The  static 
tests  have  proved  a  very  good  repeatability. 
The  dynamic  tests  were  also  quite 
satisfactory.  However  the  interrogation 
system  available  could  not  allow  neither 
higher  frequency  analysis  nor  a  broad  band 
tests.  As  a  future  development  we  plan  to 
extend  the  experimentation  to  aluminium 
alloys  and  to  broad  band  tests. 
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Abstract 

In  order  to  develop  new  shape 
memory  materials  operated  by  temperature, 
magnetic  field,  electrical  current,  pressure, 
and  light  frequency,  the  superconducting 
shape  memory  effect  (SSME)  induced  by 
softening  was  studied  using  thermal 
expansion.  In  this  study,  we  introduced  two 
operating  factors  (temperature  &  magnetic 
field)  induced  volume  change  in  the  high  Tc 
YBa2Cu307.y  superconductors  near  90K. 


an  actuator.  Therefore,  the  softening  induced 
volume  change  has  been  studied  for  high  Tc 
YB2Cu307-y  superconductors. 


Key  Words:  Superconductor,  Shape 
memory  effect,  YBCO,  Softening,  Magnetic 
field. 


Fig.  1  Concept  of  shape  memory  effect 

induced  by  softening  of 
superconductor  bimetal. 


Introduction 

The  molar  volume  change  on 
softening  of  metallic  superconductor  has 
been  observed  near  superconducting 
transition  temperature  [1,  2].  Although  most 
of  the  shape  memory  effects  are  operated  by 
temperature  change,  the  superconducting 
shape  memory  effects  (SSME)  induced  by 
softening  [3,  4]  can  be  operated  by  changes 
in  temperature  (T),  magnetic  field  (H), 
electrical  current  (I),  pressure  (P),  and  light 
frequency  (  v )  (see  figure  1).  Furthermore, 
since  the  atomic  bonding  force  is  strong  at 
low  temperature,  the  strong  power  can  be 
expected  for  softening  induced  reversible 
shape  memory  effects  of  superconductor. 
SSME  potential  can  potentially  be  used  for 


Experimental  Procedure 

A  directional  oriented  crystal  was 
prepared  by  the  QMG  process  [5]  (4mm  X 
4mm  X  2.2mm).  The  volume  change  was 
detected  by  a  measurement  system  of  low 
temperature  uniaxial  expansion  with  strain 
gage  (see  figure  2).  The  temperature  was 
measured  by  a  Au  /  0.07  at%  Fe  -  chromel 
thermocouple  attached  to  the  sample  in  a 
cryostat  at  equilibrium  temperatures. 
Sample’s  cooling  rate  is  40K  /  min  from 
temperature  to  liquid  nitrogen,  and  hold  60 
minute.  The  heating  rate  is  3K  /  min  to  room 
temperature.  The  strain  was  measured  at 
elevated  '  temperature  (model  no, 
KFL-05- 1 20-C 1-11,  Kyowa  Dengyo, 


665 


Tokyo).  It  was  measured  on  the  following 
two  conditions  to  examine  the  magnetic  field. 
The  first  condition  was  that  the  magnet  was 
not  put  on  sample,  that  is,  non  field  cooling 
sample,  NFC.  The  second  condition  was  that 
the  magnet  was  put  on  sample,  that  is,  field 
cooling  sample,  FC.  Magnetic  force  is  0.3 IT 
at  liquid  nitrogen  temperature.  Electrical 
resistivity  was  measured  by  using  a  standard 
four-probe  technique.  Offset  temperature  of 
superconductivity  transition  is  84. 4K. 


©  Strain  gage 

<D  Sample  (QMG  YBa2Cu307-y) 
(D  Au  x  0.07at  %  Fe-chromel 
thermocouple 
(§)  Cryostat  (  LN2 ) 

(1)  Magnet 


Fig.  2  Measurement  system  by  low 
temperature  uniaxial  expansion 
system  with  strain  gage. 


Results  and  Discussion 

1.  Shape  memory  effect  of  non  field  cooling 
superconductor  (  YBCO) 

Figure  3  shows  the  change  in  strain 
(e)  at  elevated  temperatures  for  non  field 
cooled  (NFC)  sample.  An  excess  strain  on 
softening  has  been  found  from  84K  to  11  OK. 
If  the  high  Tc  YBa2Cu307-y  superconductor 
can  be  welded  to  supporting  materials  (see 
figure  1),  softening  induced  excess  strain  can 
be  found  from  near  90K.  A  positive 


temperature  dependence  of  the  excess  strains 
(e)  was  observed  above  11  OK.  In  the 
temperature  region,  the  material  behaves  like 
a  metal.  On  the  other  hand,  a  negative 
temperature  dependence  of  the  excess  strains 
(e  )  was  found  from  84K  to  1 1  OK. 


75  90  105  115 


Temperature  ( K ) 

Fig.  3  Change  in  strain  (e  )  at  elevated 
temperatures  from  75  K  to  115  K. 

2.  Shape  memory  effect  of  field  cooling 
superconductor  (  YBCO) 

Figure  4  shows  the  change  in  strain 
(e  )  at  elevated  temperatures.  The  circle  plots 
are  for  field  cooled  (FC)  sample.  The  broken 
line  is  for  non  field  cooled  (NFC)  sample. 


75  90  105  115 


Temperature  ( K  ) 

Fig.  4  Change  in  strain  (e)  at  elevated 
temperatures  from  75  K  to  115  K. 
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Magnetic  field  decreases  the  excess 
strain  near  90K.  If  the  sample  is  welded  to 
supporting  materials  as  shown  in  Fig.  1 ,  the 
shape  memory  effect  can  be  induced  by  the 
magnetic  field.  This  means  that  reversible 
shape  memory  effects  of  superconductor  can 
be  developed. 

3.  Electron-electron  scattering 

Some  models  suggesting  electron  - 
electron  pairs  and  groups  as  an  exiton 
mechanism  have  been  proposed  [7-9], 
because  the  Bardeen-Cooper-Schriefer 
(BCS)  electron-electron  coupling  [10]  might 
be  partially  inapplicable  for  high  Tc 
YBa2Cu3C>7-y  superconductors.  Landau  and 
Pomeranchuk  [11]  predicted  the  law  from 
electron-electron  scattering.  Before  the 
scattering,  both  electrons  should  be  at  the 
energy  width  (Boltzmann  tail)  within  keT  of 
the  Fermi  surface.  If  the  electron-electron 
pair  model  were  applied  for  the  high  Tc 
Y-Ba-Cu-O  system,  then  the  T2-law  would 
be  found  just  above  the  onset  temperature  of 
the  superconductivity  transition.  This  was 
indeed  observed  in  the  present  study  for  the 
high  Tc  Y-Ba-Cu-0  system  [12].  We  defined 
a  critical  forming  temperature  (Tee)  of  the 


electron-electron  pairs  and  groups.  The  onset 
temperature  (90K)  of  the  excess  strain 
(Ae  )  corresponds  to  the  Tee  temperature.  In 
superconductors,  hole,  electron,  their  pairs 
and  group  act  as  Bose  particles,  whereas  in 
normal  state,  they  act  Fermi  particles.  Near 
superconducting  transition  electrical 
transporters  such  as,  electron  or  hole,  convert 
from  Fermi  particles  to  Bose  particles. 
Figures  (b)  shows  a  schematic  drawing  of  the 
electron  -  electron  scattering  between  Tes  and 
Tee.  At  the  time  of  the  collision  of  the 
electrons,  both  should  be  at  the  same  energy 
level  below  the  Felmi  level,  although  the 
pairing  life  is  short  because  of  the  scattering. 
If  the  transition  chaos,  that  is,  bonding 
electron  orbital  disordering,  decreases  the 
cohesive  force,  the  excess  volume  increasing 
can  be  expected.  To  predict  the  molar  volume 
change,  change  in  lattice  constants  was 
reported  by  Dr.  You  [13].  Since  the  elevation 
of  resistivity  is  too  small  near  1 1  OK,  the  large 
excess  volume  increases  were  apparently 
found  below  11  OK.  Therefore,  a  large 
volume  change  occurs  in  the  temperature 
range  from  84K  to  1 10K,  causing  the  shape 
change. 


Fermion 

-oo 


Transition 


Boson 


Fermion 


Te,<T 

(a) 


T«<T<T„ 

(b) 


T  <  Tw 

(c) 


Fig.  5  Schematic  drawing  of  fermion  (  a  )  electron-electron  scattering  (  b  ) 
from  Tm  to  and  boson  (  c  )• 
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Conclusions 

To  develop  new  actuator,  the 
thermal  expansion  of  the  high  Tc 
YBa2Cu307-y  superconductors  was  studied 
for  application  as  an  actuator  using  volume 
change  on  softening.  A  softening  induced 
volume  change  was  found  below  1 1  OK.  If  the 
superconducting  metal  is  welded  to 
supporting  materials,  the  bimetals  will  show 
the  shape  memory  effects  induced  by 
magnetic  field.  Although  most  of  the  shape 
memory  effects  are  operated  by  temperature 
change,  the  superconducting  shape  memory 
effect  (SSME)  may  be  also  activated  by 
changes  in  temperature,  magnetic  field, 
electrical  current,  pressure,  and  light 
frequency.  We  introduced  two  operating 
factors  (temperature  &  magnetic  field) 
induced  by  volume  change  in  the  high  Tc 
YBa2Cu307-y  superconductors. 
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Abstract 

Effects  of  sterilization  and  blur  free  are 
induced  by  photo-catalytic  reaction  on  the 
Ti02  film  surface  irradiated  by  UV  light. 
However  it  is  possible  to  take  long  time  for 
UV  irradiation  to  improve  the  surface 
condition,  To  shorten  the  treatment  time, 
the  misting-free  have  been  developed  by 
sheet  electron  beam  irradiation  (SEBI). 
The  minimum  detectable  time  to  clear  vision 
has  been  about  10.0  ks  for  UV  treatment, 
whereas  the  minimum  detectable  time  to 
clear  vision  has  been  3.45  s  for  SEBI 
treatment.  The  short  time  SEBI  treatment 
induces  clear  vision  on  the  TiCE  film  surface. 
Based  on  the  results  and  Young-Dupre 
equation,  the  dipole  factor  is  one  of 
dominant  factors  for  SEBI  treatment. 

Key  Words:  TiC>2,  electron  beam,  blur. 

Introduction 

The  blur  free  mirror  for  car  attachment 
and  the  toiletry  application  for  sterilization 
are  famous  application  in  the  current 
Japanese  market.  Photo-catalytic  reaction 
is  well  known  on  the  TiCE  film  surface 
irradiated  by  an  ultraviolet  (UV)  light  [1]. 
It  generates  effects  of  sterilization  and  blur 
free.  However,  it  takes  long  time  to 
generate  the  effective  reaction  after  UV  light. 
Compared  with  the  UV  results,  a  sheet 
electron  beam  irradiation  (SEBI)  was 
performed  for  short  time,  when  misting  free 


condition  occurs.  Namely,  the  short  time 
SEBI  treatment  induces  clear  vision  on  the 
materials  surface  [2-4],  Therefore,  the  time 
to  clear  vision  was  measured  by  TiCE  film 
surface  irradiated  by  UV  and  SEBI 
treatment  in  the  present  work.  The  effect 
is  due  to  an  enhancement  of  the  interfacial 
energy  between  the  Ti02  and  water.  Using 
Young-Dupre  equation  [5,6],  the  dominant 
factor  of  surface  free  energy  has  been 
evaluated. 

EXPERIMENTAL  PROCEDURE 

TiCE  film  was  prepared  by  using 
magnetron-sputtering  deposition  under  4  x 
1(T  Torr  oxygen  gas  atmosphere  for  4  h  in 
200  W  RF  condition.  Sheet  electron  beam 
irradiation  was  homogeneously  applied  with 
an  electron  curtain  processor  (Type: 
CBI175/15/180L,  Energy  Science  Inc., 
Woburn,  MA;  Iwasaki  Electric  Group 
Company,  Tokyo)  [7,8].  A  tungsten 
filament  in  a  vacuum  generated  the  sheet 
beam.  The  acceleration  potential  and  the 
irradiating  current  were  170  kV  and  2.0  mA, 
respectively.  The  most  important  feature 
of  sheet  electron  beam  was  homogeneous 
treatment,  which  was  performed  under 
protective  nitrogen  gas  with  the  pressure 
inside  the  apparatus  kept  at  atmospheric 
pressure.  The  concentration  of  impure 
oxygen  gas  was  below  400  ppm.  SEBI 
treatment  was  not  continuously  applied.  In 
order  to  control  the  temperature  of  the 
surface  of  the  sample,  the  irradiation  time 
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was  kept  constant  at  0.23  s.  The  sample 
was  transported  on  a  conveyer,  and  the 
speed  of  the  conveyer  was  10.0  m/min. 
The  temperature  of  the  surface  of  the  sample 
was  below  323  K  just  after  the  irradiation. 
Repeated  application  increased  the  total 
dosage  of  irradiation,  as  expressed  by  a 
following  equation. 

D  =  21.6x1  / S  xn 

Here,  the  irradiation  dosage  was 
proportional  to  yield  value  of  determination, 
irradiated  current  (I;mA),  conveyer  speed 
(S;m/min),  irradiation  times  (N).  The  yield 
value  of  determination  was  calibrated  by 
FWT  nylon  dosimeters.  On  the  other  hand, 
the  length  of  Ti  window  is  38.0  mm.  The 
irradiation  time  (ti)  is  0.23  s  per  times  at 
10.0  m/min  of  conveyer  speed. 

A  Ti02  film  surface,  which  had  or  had 
not  been  treated  with  SEBI,  was  subject  to 
blowing  for  3  s  under  saturated  vapor 
pressure  (misting  experiment).  The 
blowing  rate  was  approximately  6  x  104 
m3/s  under  atmospheric  pressure. 
Ultraviolet  light  is  irradiated  by  black  light. 
The  time  to  clear  vision  was  measured  by  a 
videotape  recorder.  The  minimum 
detectable  time  to  clear  vision  was  0.2  s.  The 
start  point  of  misting  was  considered  to  be 
just  after  the  completion  of  blowing  for  3  s 
under  saturated  vapor  pressure.  There  are 
two  different  definitions  of  blur  free  for 
ultraviolet  and  sheet  electron  beam 
irradiated  samples.  In  the  case  of  ultraviolet 
light,  the  effect  of  super  hydrophilic 
generates  water  fine  drop.  The  UV  light 
keeps  the  condition  of  clear  vision.  Its 
time  was  defined  as  the  time  to  wet  clear 
vision.  On  the  other  hand,  the  wet  clear 
vision  is  induced  by  surface  water  wetability. 
for  SEBI-treated  samples,  Thus,  it  shows  a 
higher  interfacia!  energy  and  induces  the 
rapid  deposition  of  fine  water  drops  at 
heterogeneous  active  sites.  Its  time  was 
defined  time  to  dry  clear  vision. 

Using  Young-Dupre  equation,  the 
surface  free  energy  was  evaluated.  Fowkes’ 
equation  [9-11]  for  interfacial  tension  was 
tried  to  extend  the  interface  which  included 


intermolecular  interactions  of  polar  and 
hydrogen  bonding  characters,  besides  of  no 
polar  one.  In  the  calculation  of  the  surface 
tension,  the  contact  angle  for  three  series  of 
liquids,  such  as  no  polar,  polar,  and 
hydrogen-bonding  liquids  whose 
components  were  known,  is  used. 

Results  and  discussion 

Fig.  1  shows  the  relationship  between 
the  time  to  clear  vision  and  the  irradiation 
time  of  ultraviolet  radiation  treatment  on  a 
TiC>2  film  surface  under  saturated  humidity 
atmosphere.  The  UV  light  decreased  the 
time  to  clear  vision.  When  the  ultraviolet 
irradiation  treatment  was  performed  for  3 
hour  on  a  UO2  film  surface,  the  time  to  clear 
vision  could  not  be  detected;  i.e.,  clear 
vision  was  achieved  in  spontaneously. 
However  it  takes  long  time  to  achieve  the 
blur  free  condition.  On  the  other  hand,  fig. 
2  shows  the  relationship  between  the  time  to 
clear  visionand  the  irradiation  time  of  SEBI 
treatment  on  a  Ti02  film  surface  under 
saturated  humidity  atmosphere.  The  SEBI 
treatment  on  a  TiO^  film  surface  shortened 
the  time  to  clear  vision.  The  time  to  clear 
vision  of  a  UO2  film  surface  that  had  been 


Fig.  1  Changes  in  the  time  to  clear  vision 
against  radiation  time  of  ultraviolet. 
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Fig.  2  Changes  in  the  time  to  clear  vision 
against  total  dosage  of  SEBI  time. 

treated  for  2. 1  s  (  =  40  Mrad  )  of  SEBI,  was 
below  1  s.  The  time  to  clear  vision  of  a 
Ti02  film  surface  that  had  been  subject  for 
3.45  s  (  =  64.8  Mrad  )  of  SEBI  treatment, 
could  not  be  detected;  i.e.,  clear  vision  was 
achieved  in  spontaneously.  The  blur  was 
induced  by  the  fine  water  deposition.  The 
deposition  process  could  be  explained. 
SEBI  treatment  mainly  activated  the  surface 
of  a  TiC>2  film  by  the  addition  of  electrons  to 
the  surface.  The  nucleation  frequency  and 
extending  rate  were  related  to  the  interfacial 
energy  [12,13].  This  showed  that  the  SEBI 
treatment  time  was  shorter  than  that  of  the 
ultraviolet  radiation  treatment. 

If  these  treatments  increased  the  amount 
of  energy,  the  short  time  to  clear  vision 
could  be  explained.  Thus,  it  was  important 
to  know  the  interfacial  energy  of  a  water 
drop  on  the  TiC>2  film  surface.  The  surface 
energy  of  a  solid  could  be  expressed  by  an 
equation  derived  from  Young’s  and  Dupre’s 
general  theory.  Fowkes’  equation  for 
interfacial  tension  was  applied  by  using 
contact  angles  for  three  series  of  liquids. 
Fig.  3  &  4  show  change  in  three  series  of 
liquids’  contact  angle  against  total 
ultraviolet  radiation  time  and  total  dosage  of 
SEBI  to  Ti02  film  surface.  The  UV 
irradiation  decreased  the  contact  angle  of 


Fig.  3  Changes  in  three  series  liquids 
contact  angle  against  total  radiation 
time  of  ultraviolet. 
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Fig.  4  Changes  in  three  series  liquids 
contact  angle  against  total  dosage  of 
SEBI. 

waterdrop.  This  effect  was  induced  by 
photo-catalytic  reaction  on  the  Ti02  surface 
irradiation  by  UV  light.  The  SEBI 
irradiation  decreased  the  contact  angles  of 
water  and  1-bromo  naftaren. 

Namely,  the  reaction  was  the 
photo-induced  super-  hydrophilic  and 
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Ultraviolet  irradiation  time  (s) 


Fig.  5  Changes  factors  of  interfacial 
energy  against  total  radiation  time 
of  ultraviolet. 
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Fig.  6  Changes  factors  of  interfacial 
energy  against  total  dosage  of 
SEBI. 

simultaneously  super-oleophilic 

conversation  on  the  Ti02  surface.  Fig.  5 
and  6  show  change  in  interfacial  energy 
against  ultraviolet  and  electron  beam 
irradiation  times,  respectively.  Based  on 
the  results,  the  dipole  factor  was  the 
dominant  factors.  The  surfacetreated  by 


SEBI  and  UV  show  higher  interfacial 
energies  than  those  of  the  non-treated 
surface.  The  increased  energy  induces  the 
rapid  deposition  of  fine  water  drops  at 
heterogeneous  active  sites.  It  also  induces 
an  increase  in  nucleation  frequency  and  an 
increase  in  extending  rate  of  the  fine  water 
drops.  Namely,  we  conclude  that  clear 
vision  is  achieved  by  the  SEBI-  and  UV- 
induced  active  sites. 

Conclusions 

In  summary,  ultraviolet  irradiation 
treatment  (UV)  and  sheet  electron  beam 
irradiation  [SEBI]  decreased  the  time  to 
clear  vision  of  the  TiC>2  surface.  Based  on 
the  results  of  Young-Dupre  equation,  we 
concluded  that  these  effects  were  dominated 
by  the  dipole  factor.  The  UV  irradiation 
for  3  hour  and  EB  irradiation  for  3.45  s 
became  undetectable  time  to  clear  vision. 
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Abstract 

Equal  channel  angular  extrusion 
(ECAE)  is  receiving  increasing  attention  as  a 
method  to  impose  large  plastic  strains  and 
develop  ultrafine  microstructures  in  metals. 
In  this  study,  microstructural  changes  in  an 
Al-Al3Ti  composite  (Al-  5 mass  %Ti  alloy) 
by  ECAE  are  observed.  It  is  found  that 
ECAE  leads  to  a  significant  hardness 
increase  in  the  Al-Al3Ti  composite.  It  is  also 
found  that  the  size  of  Al3Ti  particle  is 
decreased  by  the  ECAE.  In  contrast,  small 
effect  is  observed  in  the  total  volume  fraction 
of  Al3Ti  particle.  It  is  concluded  that  a 
complete  supersaturated  solid  solution 
without  the  Al3Ti  particles  will  not  be 
introduced  by  the  ECAE  even  if  such  a  strong 
strain  is  applied. 

Key  Words:  ECAE,  MMC,  Microstructure, 
Intermetallic  compound 

Introduction 

Ultrafine-grained  materials  with  the 
grain  size  of  submicrometer  order  exhibit 
superior  mechanical  properties  compared 
with  conventional  fine-grained  materials. 
Several  methods  have  been  developed  to 
obtain  ultrafine-grained  materials  thorough 
severe  plastic  deformation  [1-6],  Among 
them,  the  equal  channel  angular  extrusion 


(ECAE)  technique  has  been  proved  to  be  an 
effective  method  for  the  fabrication  of 
various  bulk  ultrafine-  grained  materials.  By 
using  ECAE,  very  high  shear  strain  can  be 
obtained  by  multiple  passes  through  a  die 
without  any  change  in  the  billet  dimensions. 

On  the  other  hand,  in  our  recent 
studies,  it  was  found  that  a  wear-induced 
supersaturated  solid  solution  layer 
(supersaturated  layer)  was  formed  near  the 
worn  surface  region  by  wear  test  of  Al-Ti 
alloy  (Al-Al3Ti  composite)  [7,  8],  In  this 
layer,  there  were  no  AJ3Ti  particles,  namely,  a 
complete  supersaturated  solid  solution  was 
introduced  by  the  wear  test.  Below  the 
supersaturated  layer,  there  was  damaged 
layer  where  Al3Ti  particles  were  broken  and 
re-oriented  along  the  sliding  direction. 
Although  we  have  concluded  that  the 
formation  of  the  supersaturated  layer  was  a 
result  of  the  large  subsurface  strains  and 
plastic  deformation  during  the  wear  test 
rather  than  from  rapid  quenching,  there  is  no 
direct  evidence  for  the  above  mechanism 

In  the  present  study,  an  Al-Al3Ti 
composite  which  contains  Al3Ti  platelets  in 
an  Al  matrix,  was  extruded  using  the  ECAE 
technique  at  room  temperature.  The 

microstructural  changes  of  the  composite  by 
ECAE  were  studied  by  optical  microscopy 
(OM),  scanning  electron  microscopy  (SEM) 
and  X-ray  diffraction  (XRD)  analysis.  For 
the  characterization  of  mechanical  property, 
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the  hardness  change  was  measured  by  the 
Brinell  hardness  and  Vickers  micro-hardness 
testers. 

Experimental  Procedure 

Rod  shaped  samples  of  an  A!-  5 
mass  %  Ti  alloy,  10  mm  in  diameter  and  55 
mm  in  length,  were  prepared  by  casting.  The 
schematic  illustration  of  the  ECAE  die  used 
in  the  present  study  is  shown  in  Fig.  1 .  When 
a  specimen  is  pressed  through  the  die  of  the 
form  illustrated  in  Fig.  1,  the  total  strain,  e, 
accumulated  by  passage  through  the  die  can 
be  calculated  by 

b  =  (A/V~  3)[2cot(0/2+v|//2)  +  \|/cosec(0/2+\|//2)l 

(1) 

where  N  is  the  number  of  separate  passages 
through  the  die.  For  the  present  experiments 
where  =  90°  and  vj/  =  0  it  follows  from 
equation  (1)  that  8  =  1. 1  5jV.  The  billet  was 
rotated  trough  90°  clockwise  between  each 
cycle  (In  the  literature,  this  route  is  often 
referred  to  as  route  Be  [3].) 

The  microstructures  of  the  samples 
before  and  after  the  ECAE  were  observed 
using  an  OM  and  a  SEM.  To  analyze  the 
structural  changes  by  the  ECAE,  XRD  was 
carried  out  on  a  monochrometer-attached 
diffractometer  with  radiation  from  a  Cu-Ka 
source.  The  hardness  tests  were  performed 
by  Brinell  hardness  tester  and  Vickers 
micro-hardness  tester  for  the  mechanical 
property  characterization. 


Fig.  1  A  schematic  illustration  of  the 
ECAE  die  used  in  the  present  study. 


Results  and  Discussion 

Hardness 

Figures  2  shows  hardness  as  a  function  of  the 
number  of  passes  of  ECAE.  It  is  apparent 
that  ECAE  leads  to  a  significant  hardness 
increase  in  the  Al-AbTi  composite.  It  must 
be  noted  here  that  more  than  100%  of  the 
total  hardness  increase  is  achieved  after  only 
one  pass  of  ECAE.  A  similar  result  has  also 
been  reported  in  Al-Cu  single-phase  alloy 

[5]. 


Number  of  Passes 

Fig.  2  Brinell  hardness  and  Vickers 
microhardness  as  a  function  of  the 
number  of  ECAE. 

Microstru  ctu  res 

Figures  3  (a)-(d)  shows  typical  SEM 
micrographs  of  samples  before  and  after  one, 
five  and  thirteen  passes  of  ECAE, 
respectively.  The  SEM  samples  were  cut 
perpendicular  to  the  longitudinal  axis  of  each 
pressed  rod.  Although  the  data  from  an 
energy  disperse  X-ray  (EDX)  analysis  are  not 
presented  here,  all  of  the  particles  in  Fig.  3 
were  identified  to  be  stoichiometric  AUTi 
intermetallic  compound.  It  is  seen  from  these 
figures  that  the  size  of  A^Ti  particles  after 
the  ECAE  is  smaller  than  that  before  the 
ECAE. 
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Micro-Vickers  Hardness  (GPa) 


Fig.  3  Typical  SEM  micrographs  of 
samples  before  (a)  and  after  one  pass  (b), 
five  passes  (c)  and  thirteen  passes  (d)  of 
ECAE. 


In  order  to  describe  the  above 

phenomena  quantitatively,  the  distribution  of 
the  area-equivalent  diameter  of  Al3Ti 

particles  for  each  sample  was  measured,  and 
the  results  are  shown  in  Fig.  4.  It  is  seen  that 
the  area-equivalent  diameter  of  Al3Ti 

particles  is  decreased  by  ECAE.  This  result 
is  in  agreement  with  several  previous 
investigations  of  ECAE  [3,  6], 

The  volume  fraction  of  Al3Ti 

particles  of  each  specimen  was  measured  and 
the  result  is  also  shown  in  Fig.  5.  It  can  be 
seen  from  this  figure  that  the  volume  fraction 
has  a  tendency  to  become  smaller  by  ECAE. 
However,  despite  the  fact  that  there  is  a 
notable  difference  in  the  particle  size,  only 
small  effect  is  observed  in  the  volume 
fraction  of  particles. 


XR1)  analysis 

Figure  4  shows  XRD  patterns  of  the  Al-Al3Ti 
composite  both  before  and  after  ECAE.  It  is 
seen  from  this  figure  that  the  A1  and  the  Al3Ti 
peaks  exist  both  before  and  after  ECAE. 
Therefore,  we  can  conclude  that  a  complete 
supersaturated  solid  solution  without  the 
Al3Ti  particles  will  not  be  introduced  by 
ECAE  even  if  such  a  strong  strain  is  applied. 
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Fig.  4  The  size  distributions  of  AI3Ti 
particles  in  the  specimens  before  and  after 
ECAE. 


Fig.  5  Total  volume  fraction  of  Al3Ti 
particles  as  a  function  of  the  number  of 
ECAE  passes. 
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Fig.  6  XRD  profiles  of  the  Al-Al3Ti 
composite  both  before  (a)  and  after  nine 
passes  (b)  of  ECAE. 


contains  Al3Ti  platelets  in  an  A1  matrix,  by 
ECAE.  The  results  are  summarized  as 
follows. 

(1)  The  hardness  of  the  Al-Al3Ti  composite 
was  increased  with  increasing  the  passes 
of  ECAE. 

(2)  Despite  the  fact  that  there  is  a  notable 
difference  in  the  particle  size,  only  small 
effect  is  observed  in  the  total  volume 
fraction  of  particles. 

(3)  Al3Ti  XRD  peaks  exist  in  the  specimen 
after  ECAE. 

(4)  It  can  be  concluded  that  a  complete 
supersaturated  solid  solution  without 
Al3Ti  particles  will  not  be  introduced  by 
ECAE  even  if  such  a  strong  strain  is 
applied. 
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Future  works 

In  the  case  of  Al-Al3Ti  FGMs  fabricated  by 
the  centrifugal  solid-particle  method,  it  is 
known  that  a  large  number  of  Al3Ti  particles 
are  arranged  with  their  platelet  planes  nearly 
perpendicular  to  centrifugal  force  direction 
[7,  9],  Moreover,  it  was  shown  that  the 
orientation  of  Al3Ti  platelets  is  distributed 
with  a  gradient  in  the  Al-Al3Ti  FGMs  [10], 
In  this  study,  the  billet  was  rotated  trough  90° 
clockwise  between  each  cycle  (route  Be). 
Therefore,  there  was  no  observable 
orientation  effect  in  Al3Ti  particles  by  ECAE. 
However,  it  is  expected  that  the  orientation  of 
Al3Ti  platelets  will  appear  by  ECAE  with  no 
rotation  of  the  billet  (route  A).  We  are 
currently  investigating  the  orientation  effect 
in  Al3Ti  particles  by  ECAE  with  no  rotation 
of  the  billet  (route  A). 

Conclusions 

In  this  study,  microstructural  changes 
are  observed  in  an  Al-Al3Ti  composite  which 
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Abstract 

Using  load  cell  attached  in  a  new  apparatus 
for  high  temperature  relaxation  test,  the 
relaxation  ratio  of  electric  spring  materials 
was  continuously  detected  at  different 
temperatures.  Compared  with  conventional 
methods,  the  new  apparatus  showed  a 
reliable  data.  An  excellent  stress  relaxation 
ratio  was  obtained  for  a  Cu-Ni-Sn  alloy  sheet, 
by  using  the  testing  at  upper  critical 
temperature  of  current  automobile.  Based  on 
the  results  of  the  relaxation  test  below  423  K, 
we  confirmed  that  the  Cu-Ni-Sn  and  tin- 
coated  Cu-Ni-Sn  alloy  sheets  can  be  applied 
for  connecting  materials  in  automobile 
engine  room. 

Key  Words:  Stress  relaxation,  Elevated 
temperature,  Thin  plate  spring,  NB109 

X.  Introduction 

It  is  important  to  know  stress  relaxation  of 


spring  materials.  Stress  relaxation  ratio  is 
usually  evaluated  by  bending  displacement. 
By  definition,  stress  relaxation  should  be 
evaluated  by  a  change  in  the  stress  under  the 
constant  distortion. 

Nishihata,  Kunimine  &  Arase  have 
developed  a  new  apparatus  for  high 
temperature  relaxation  test.  Using  load  cell 
attached  in  the  apparatus,  the  relaxation  ratio 
was  continuously  detected  at  different 
temperatures.  Here,  the  new  testing  apparatus 
was  developed  to  evaluate  stress  relaxation 
ratio  of  spring  materials.  On  the  other  hand,  a 
Cu-Ni-Sn  alloy  sheet  (NB109  [U.S.  Patent: 
4337089]  invented  by  Nishihata),  which 
shows  low  contact  electrical  resistance. 
However  a  stress  relaxation  character  has  not 
precisely  studied  at  upper  critical 
temperature  of  current  automobile.  Therefore, 
the  purpose  of  the  present  work  is  to 
investigate  the  stress  relaxation  ratio  of  Cu- 
Ni-Sn  and  a  tin-coated  Cu-Ni-Sn  alloy 
sheets  at  higher  temperature  in  engine  room 
of  automobile. 
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2.  Experimental 

2.1  New  Stress  relaxation  test  apparatus 

Stress  relaxation  measurement  is  enacted 
as  specification  E  328-86  in  ASTM  [1].  In 
this  article,  we  developed  a  new  stress 
relaxation  measurement  machine  by  reading 
a  load  directly.  Figure  1  shows  an  illustrated 
mechanism  of  the  new  stress  relaxation 
testing  apparatus.  The  apparatus  consisted  of 
three  parts  of  instruments;  main  body  loading 
the  stress  to  specimens,  movable  electric 
furnace  heating  the  specimens  and  stress 
change  detector,  as  shown  in  fig.l.  After 
fixing  the  specimen  at  jig  by  pressure  bolt, 
the  60%  stress  of  spring  limit  (0.2%  proof 
stress  on  bending  test)  of  the  specimen  was 
loaded  by  load  cell.  To  heat  the  loaded 
sample,  the  electric  furnace  was  moved. 
After  heating  at  high  equilibrium  temperature 
from  373  to  423  K,  the  stress  relaxation  ratio 
was  measured. 

The  change  in  stress  of  the  specimen  is 
measured  continuously  at  a  high  temperature 
for  a  long  duration.  A  relationship  between 
stress(  a  )  and  load  (W)  can  be  expressed  by  a 
following  equation  for  a  rectangular  test 
piece. 

o  =  6wi/bt2  (i) 

Here,  1,  b  and  t  were  span,  width  and 
thickness  of  a  rectangular  specimen.  On  the 
other  hand,  the  stress  relaxation  ratio  (R:%) 
was  expressed  by  a  following  equation. 

R  =  (WrWf)/Wi  (2) 

Here,  Ws  and  Wr  mean  an  initial  loading 
value  and  a  measured  load  after  a  duration, 
respectively.  Thus,  accurate  experimental 
data  can  be  expected  by  the  new  apparatus  to 
get  stress  relaxation  ratio. 


Fig.l  Schematic  diagram  of  the  new 
testing  apparatus  for  stress  relaxation 


2.2  Specimens 

A  sheet  of  Cu-Ni-Sn  spring  alloy 
(NB109)  was  supplied  for  the  new  stress 
relaxation  measurement.  A  chemical 
composition  of  the  Cu-Ni-Sn  (NB109)  alloy 
was  summarized  in  table  1,  together  with 
brass  and  phosphor  bronze. 

An  initial  loaded  stress  in  elastic 
deformation  of  static  stress-  strain  curve  was 
60%  of  spring  limit.  Thus,  the  initial  loaded 
stress  of  Cu-Ni-Sn  (NB109)  spring  alloy  and 
Sn  coated  NB109  alloy  sheets  were  obtained 
and  summarized  in  table  2,  together  with 
brass  and  phosphor  bronze. 
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Tablet  Chemical  compositions  of  Cu-Ni-  423K,  respectively.  To  investigate  influences 
Sn  (NB109)  spring  alloy,  together  with  of  temperature  and  time  on  stress  relaxation 
brass  and  phosphor  bronze.  ratio,  Larson-Miller  correlation  was  applied 

(wt%)  [2]  and  was  shown  in  Figure  3,  which  was 


3.  Results 


In  order  to  correct  the  experimental  ^  5Q 
value  of  the  new  testing  method,  a  two-phase  ^ 
brass  sheet  was  firstly  used  as  a  standard  '■&  40 
material.  Figure2  shows  the  relationship  g 
between  the  stress  relaxation  ratio  and 30 
loading  time  at  different  temperatures  from  J 
373  to  423  K.  At  the  initial  stage,  the  stress  j" 20 
relaxation  ratio  of  the  brass  increases  g>10 
remarkably.  The  large  relaxation  ratio  was  w 
found  at  higher  temperature  testing.  The  0 
stress  was  slowly  relaxed  after  50  hour 
loading.  When  the  relaxation  ratio  after  100 


7.4  7.6  7.8  8.0  8.2  8.4  8.6  8.8  9.0  9.2  9.4  9.6 
TX(20+logt)xl0"3 


hr  loading  were  measured  from  flg.2,  they 
were  21%,  35%  and  54%  at  373K,  398K  and 


Fig.3  Stress  relaxation  ratio  of  brass 
by  Larson-Miller  correlation 
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Stress  relaxation  ratio  R(%) 


Figure  4  shows  the  relationship  between 
the  stress  relaxation  ratio  at  423K  and 
loading  durations  in  a  new  stress  relaxation  go 
resistance  alloy  (NB109)  specimens,  together 
with  a  conventional  automobile  connecting  ^  50  j- 
material  of  phosphor  bronze  Sn-coated  _  ‘ 

NB109  alloy.  The  resistance  to  stress  2 40  ^ 
relaxation  of  NB109  alloy  and  a  Sn-coated  ,l30|_ 
NB109  alloy  sheets  show  twice  higher  than  g 
that  of  the  phosphor  bronze.  The  superior  Tj  20 1- 
resistance  to  relaxation  was  kept  for  the  Sn-  $ 
coated  NB109  alloy  sheet,  which  shows  low  £  10 

,  .  ,  .  CO 

electrical  contact  resistance. 

As,  shown  in  Fig.  5,  Larson-Miller 
correlations  of  these  results  obtained  by 
means  of  the  new  method  were  confirmed. 

The  high  resistance  to  relaxation  was 
obtained  for  the  Sn-coated  NB109  alloy 
sheet. 


NB109 

NB109  (Sn  coated) 
Phosphor  bronze 
Brass 


8 
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8.6 


8.8 


9.0  9.2 


9.4 


9.6 


T  x(20+logt)  xlO ' 


Fig.5  Stress  relaxation  ratio  of  typical 
automobile  connecting  materials  at  423K 
by  Larson-Miller  correlation 


From  these  results,  we  concluded  that 
the  NB109  alloy  has  an  excellent  property  as 
unrelaxed  spring  of  electrical  contact 
material. 


Fig.4  Stress  relaxation  curve  of  typical 
automobile  connecting  materials 


4.Conclusion 


The  new  apparatus,  which  have  been 
developed  by  Nishihata  et  al.,  can  be  applied 
practically  to  continuous  measurement  of  the 
stress  relaxation  for  sheet  materials. 
Experimental  data  obtained  by  means  of  the 
method  are  fitted  enough  on  Larson-Miller 
correlation.  In  addition,  it  is  recognized  that  a 
new  Cu-Ni-Sn  alloy  (NB109  alloy)  has  twice 
stress  relaxation  resistance  than  a  mass- 
produced  phosphor  bronze  of  typical 
connecting  material.  It  is  therefore  expected 
that  the  NB109  alloy  is  wide  used  for  current 
automobile.  The  new  stress  relaxation  testing 
method  will  be  adopted  as  an  industrial 
global  standard  in  the  world. 
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Abstract 

In  a  resent  study,  it  was  shown  that 
near-net-shape  products  having  fine  AI3M 
intermetallic  compound  particles  could  be 
successfully  fabricated  by  backward 
extruding  at  a  molten  aluminum  and  solid 
AI3N1  intermetallic  compound  particles 
coexisting  temperature.  However,  origin  of 
fine  Al3Ni  intermetallic  compound  particles 
is  still  open  to  question.  We  propose  to 
measure  the  particle  size  distributions  in  the 
near-net-shape  products.  The  FGM  billets 
fabricated  by  a  vacuum  centrifugal  method 
were  heated  to  650°C  to  680°C,  at  which 
temperature  the  FGM  becomes  a  mixture  of 
molten  aluminum  eutectic  and  solid  AI3M 
intermetallic  compound  particles.  The  billets 
were  extruded  to  FGM  cups  by  a  semisolid 
forming.  Microstructures  of  the 
near-net-shape  products  have  been  observed 
by  optical  microscopy.  It  is  found  that  the 
size  of  Al3Ni  particles  within  the  products  is 
distributed  in  a  gradually  graded  manner  as 
well  as  the  volume  fraction  of  Al3Ni  particles. 
Based  on  the  experimental  results,  the  origin 
of  the  above  microstructure  has  been 
discussed. 


Key  Words:  Functionally  Graded  Material, 
Semisolid  Forming,  Particle  Size, 
Intermetallics  Compound. 

Introduction 

Intermetallics  dispersed  functionally 
graded  materials  (FGMs)  are  planed  to 
compensate  the  own  brittleness  of 
intermetallics  by  ductile  matrix  and  then  to 
utilize  the  expected  superior  characteristics 
of  intermetallics  [1].  The  authors  have 
fabricated  Al-A^Ni  FGM  tube  by  a 
centrifugal  method  and  examined  a 
probability  as  a  structural  and  component 
material  [2-4].  Here,  the  centrifugal  method 
is  an  FGM  fabrication  method  proposed  by 
one  of  the  authors  [5],  Unfortunately, 
Al-AhNi  FGMs  tested  heretofore  did  not 
have  sufficiently  high  strength  due  to  the 
presence  of  relatively  large  Al3Ni  particles. 
These  results  indicate  that  a  plastic  forming 
operation  for  such  a  material  would  be  very 
difficult,  i.e.,  low  ability  as  a  structural  and 
component  material.  One  possible  way  to 
overcome  this  difficulty  may  be  in  an 
application  of  hot  working  and  heat 
treatment.  However,  this  has  not  been 
successful  because  of  the  low  resistance  of 
AhNi  intermetallics  to  brittle  fracture,  even 


681 


in  the  case  of  hot  working  up  to  the  melting 
point  of  the  eutectics.  On  the  other  hand, 
another  possible  way  to  overcame  a  natural 
difficulty  of  forming  of  the  present 
aluminum-base  FGMs.  That  is,  if  the  FGMs 
were  worked  under  a  coexisting  condition  of 
a  liquid  hypereutectic  aluminum  alloy  and 
solid  intermetallics,  it  must  be  possible  to 
obtain  a  near-net-shape  FGM  product  and  it 
may  widen  the  ability  of  the  metal 
intermetallic  FGMs. 

In  our  previous  study  [6],  it  was 
found  that  the  Al-Al3Ni  FGM  cup  with 
smaller  Al3Ni  particles  could  be  successfully 
fabricated  by  a  semisolid  forming  over 
eutectic  melting  temperature  of  Al-Al3Ni 
FGM.  Although  it  is  well  known  that 
mechanical  properties  of  particle-dispersed 
composites  and  FGMs  are  influenced  by  not 
only  by  the  volume  fraction  of  dispersed 
particles  but  also  by  the  particle  size,  the 
detailed  study  on  the  particle  size 
distributions  in  the  Al-Al3Ni  FGMs 
fabricated  by  the  semisolid  forming  are  not 
yet  investigated.  The  aim  of  this  study  is, 
therefore,  obtaining  the  information  of  the 
particle  size  distributions  in  Al-Al3Ni  FGMs 
fabricated  by  the  semisolid  forming. 

Experimental  Procedure 

A  configuration  of  the  vacuum  centrifugal 
system  for  FGM  tube  manufacturing  is 
illustrated  in  Fig.  1.  Using  this  system, 
Al-Al3Ni  FGM  tube  was  fabricated  from  Al- 
20mass%Ni  commercial  ingot.  Thick-walled 
FGM  tube  is  initially  cut  into  four  pieces  of 
bar  having  a  circular  arc  cross-section,  as 
illustrated  in  Fig.  2.  The  bar  is  then  subject  to 
hot  working  and  a  flat  plate  is  obtained,  for  a 
preparation  of  FGM  billets  to  examine  the 
so-called  semisolid  or  semimelt  forming.  As 
illustrated  in  Fig.  3,  billets  are  held  in  a 
container  such  that  the  aluminum-rich  plane 
of  the  FGM  billet  touches  the  punch  head  for 
testing  the  backward  extruding  to  an  FGM 
cup.  Tested  temperatures  are  650°C,  660°C, 
670  °C  and  680  °C  ,  at  which  molten 


hypereutectic  aluminum  and  solid  Al3Ni 
intermetallics  are  coexisting.  The  container, 
which  has  both  billet  and  punch,  is  heated 
and  held  at  test  temperature  for  30  minutes  in 
a  crucible  furnace.  Then,  it  is  place  on  press 
machine  and  the  billet  is  extruded  to  an  FGM 
cup. 


Fig.l  Schematic  representation  of  vacuum 
centrifugal  system. 


Fig.2  Process  of  the  FGM  billet  preparat¬ 
ion  from  FGM  tube. 

Results  and  Discussion 

Microstructures  in  a  present  Al-Al3Ni  FGM 
cup  are  examined  by  an  optical  microscopic 
(OM)  observation.  Typical  micrographs  of 
Al3Ni  particles  obtained  in  this  study  are 
shown  in  Fig.  4,  where  the  gray  part  is 
aluminum  matrix  and  black  particles  are 
Al3Ni  intermetallics.  Figure  5  reveals  that 
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Fig.3  Schematic  of  the  die  and  billets 
setting  for  the  FGM  backward 
extruding,  where  punch  conta¬ 
cted  with  aluminum-rich  surface. 


the  volume  fraction  of  the  AI3M  particles 
increases  towards  the  cup’s  higher  region 
because  of  at  the  early  stage,  AI3M  particles 
carried  away  by  flow  of  eutectic  aluminum 
alloy  melt.  Another  important  feature  found 
in  Fig.  4  is  that  the  size  of  A^Ni  particles 
varies  depending  on  height.  To  discuss  this 
phenomenon  quantitatively,  the  particle  size 
distribution  of  A^Ni  particles  is  measured  at 
each  region  as  same  as  Fig.5.  Here,  for  the 
convenience  of  analysis,  the  distribution  of 
the  cross-section  diameter  is  calculated  as 
area-equivalent  diameter  assuming  the 
granular  particles  as  spherical.  In  case  of 
spherical  shaped  particles,  since  it  is  known 
that  multiplication  of  4/  71  by  the  average 
two-dimension  diameter  [7],  the  average 
three-dimensional  diameter  can  be  calculated 
from  the  cross-section  diameter. 

Figure  6  shows  the  average  three- 
dimensional  diameter  of  A^Ni  particle.  As 
can  be  seen,  the  average  three-dimensional 
diameter  is  distributed  in  these  specimens  in 
a  graded  manner.  Moreover,  higher  tested 
temperature  gives  a  smaller  particles  size. 
One  possibility  is  that  the  eutectic  melt  flow 


Fig.4  Micrographs  showing  the  micro- 
structure  of  cross  section  of 
extruded  FGM  cup  at  670 't.  (a) 
and  (b)  are  wall  and  bottom  region 
of  the  cup. 
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Fig.5  The  distribution  of  AhNi  particles 
in  the  extruded  FGM  cup  at  670*C. 
The  letter  indicates  no  particle 
in  region. 
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Fig.6  Particle  size  distributions  in  the 
FGM  cups  fabricated  at  660^(3), 
670eC(b)  and  680T:(c).  The  letter 
“#”  indicates  no  particle  in  region. 


with  higher  viscosity  breaks  up  the  large 
intermetallics  particles  to  fine  granular. 
Another  possibility  is  cooling  rate  difference 
It  is  known  that  the  crystallized 
particle  size  is  influenced  by  the 
solidification  process.  In  our  previous  study 
[3],  it  was  found  that  the  average  Al3Ni 
particle  size  in  Al-Al3Ni  FGMs  fabricated  by 
the  centrifugal  in-situ  method  was  gradually 
distributed  in  the  specimens.  It  had  been 
concluded  that  the  difference  in  the  particle 
size  distributions  was  caused  by  the  cooling 
rate.  In  this  study,  the  higher  tested 
temperature  gives  a  faster  cooling  rate. 
Consequently  higher  tested  temperature 
gives  a  smaller  particles  size 

Summary 

Near-net-shape  products  having  a 
graded  distribution  of  intermetallics  are 
fabricated  by  semisolid  forming.  It  is  found 
that  the  average  particle  size  was  gradually 
distributed  in  FGM  cup  as  well  as  the  volume 
fraction  of  particles.  It  was  also  found  that 
higher  tested  temperature  gives  a  smaller 
particles  size.  From  the  experimental  results, 
it  can  be  concluded  that  the  origin  of  particle 
size  distributions  within  the  FGMs  is 
depended  on  shear  stress  of  eutectic  melt 
flow  and  cooling  rate. 
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Abstract 

Using  in-situ  hardness  test  at  high 
temperature,  the  hardness  values  were 
measured  for  Fe-9Cr-2W-V-Ta  steel 
(JLF-l)  during  isothermal  heating  from 
373K  to  1473K.  The  hardness  changes 
against  loading  time  can  not  be  remarkably 
observed  below  773  K.  Thus,  we 
confirmed  that  JLF*1  steal  with  low 
activation  can  be  applied  for  fusion 
reactor  materials  below  773K.  Furthermore, 
to  predict  high  temperature  morphology 
changes  induced  by  welding  for  reactor 
construction,  hardness  was  measured  below 
1473K.  Tremendous  decreasing  in  hardness 
was  found  from  773K  to  1073K.  Based  on 
X-ray  diffraction  analysis  results,  bcc  phase 
can  not  found  at  1473K,  whereas  fee  phase 
can  not  detect  below  1093K.  Thus,  large 
stress  relaxation,  that  is  creep,  from  873K  to 
1073K  was  observed  and  can  be  explained 
by  wolfram  carbide  coarsening  with 
chromium  carbide  annihilation. 

Key  Words: 

High  Temperature  hardness,  JLF-l, 

Ferrite  steel 

1.  Introduction 

From  the  point  of  view  of  eco- 
materials  development,  it  is  important  to 


study  structural  materials  for  fusion  reactor. 
Fusion  reactor  is  under  developed,  which  is 
generating  electric  power  without  C02.  If 
fusion  can  be  realized  on  earth,  using  the 
fuel  of  deuterium  found  naturally  in  one 
barrel  of  seawater,  the  amount  of  electrical 
energy  equivalent  to  that  of  250  barrels  of 
oil  can  be  produced. 

The  structural  material  for  fusion 
reactor  has  been  operating  from  extremely 
low  temperature  below  boiling  point  of 
helium  to  extremely  high  temperature  above 
plasma  formation  temperature.  Several  types 
of  low  activation  materials  have  been 
developed  as  candidate  for  fusion  reactor 
structural  components.  Japanese  Fe-9Cr- 
2W-V-Ta  steel  (JLF-l)  of  low  activation 
materials  was  practical  candidate  for  fusion 
reactor  structural  components  under  a 
surveillance  test  program  in  Japanese 
universities,  which  is  low  cost  and  shows 
high  resistance  to  stress  at  high  temperature 
[1-4].  In  order  to  prevent  activate,  chromium 
was  added.  The  structural  material  for  fusion 
reactor  has  been  operating  at  high 
temperatures.  Thus,  wolfram  addition 
formed  fine  separated  carbides  to  reinforce 
the  matrix  at  high  temperature.  In  addition, 
homogeneous  mechanical  properties,  which 
can  be  applied  for  thick  reactor  wall  and 
show  good  weld-ability  [5,6],  can  be 
expected.  Since  it  is  important  to  investigate 
mechanical  and  phase  characteristics  at  high 
temperature,  the  in-situ  micro-hardness 
values  have  been  measured  for.  Fe-9Cr-2W- 
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V-Ta  steel  at  high  temperature. 

2.  Experimental 

2-1  Specimen 

Samples  were  Fe-9Cr-2W-V-Ta  ferrite 
steel  (JLF-1)  with  low-activation.  Chemical 
composition  was  summarized  in  Table  1. 
The  specimens  (5mm  X  5mm  X  5mm)  were 
normalized  at  1323K  for  lhr  and  air-cooled. 
In  addition,  it  tempered  at  1050K  for  lhr, 
and  then  air-cooled. 

2-2 High-temperature  hardness  tester 
In-situ  Vickers  hardness 

measurements  at  different  high  temperature 
from  room  temperature  to  1473K  were 
carried  out  by  a  high-temperature  micro 
hardness  tester  (QM-2,  Nikon  Co.  Tokyo). 
The  furnace  was  controlled  by  proportional 
integral  derivative  actions  (PID).  The 
measuring  sample  was  heated  in  vacuum 
(1.02  X  10-3Pa).  The  testing  load  was  lOOgf. 

2- 3  X-ray  diffraction 

The  structures  of  the  samples  were 
examined  by  means  of  high-temperature  X- 
ray  diffraction  apparatus  (RINT2200, 
Rigaku  Co.  Tokyo).  The  heater  was 
controlled  by  PID  from  room  temperature  to 
1473K  under  nitrogen  gas  atmosphere. 

3.  Results  and  Discussion 

3- 1  Influence  of  loading  time  on  Hv 

Figure  1  shows  changes  in  Vickers' 
hardness  against  loading  time  during 
isothermal  heating  from  1  to  100  s  at 
different  temperatures.  The  hardness 
changes  against  loading  time  can  not  be 
remarkably  observed  below  773K.  Thus,  we 
confirmed  that  Fe-9Cr-2W-V-Ta  ferrite  steel 


(JLF-1)  with  low  activation  can  be  applied 
for  fusion  reactor  materials  below  773K. 

Furthermore,  in  order  to  predict  high 
temperature  morphology  changes  induced 
by  welding  for  reactor  construction, 
hardness  was  measured  below  1473K.  The 
longer  the  loading  time,  the  lower  the 
hardness  becomes  at  high  temperature  over 
873K.  Large  Hv  decreasing  from  70  at  one 
second  to  45  at  100  s  was  observed  by 
isothermal  heating  for  100  s  at  973K.  On  the 
other  hand,  Hv  decreasing  induced  by  long 
loading  time  is  not  so  large  above  I073K 
isothermal  heating. 

Fig. 2  shows  changing  rate  of  Hv 
against  temperature  of  Fe-9Cr-2W-V-Ta 
ferrite  steel  (JLF-1).  The  changing  rate  is 
about  zero  below  773K.  The  rate  decreased 
above  773K  below  the  minimum  value.  The 
minimum  changing  rate  was  found  at  973K. 
The  changing  rate  above  1073K  slightly 
enhanced  at  elevated  temperatures.  The  Hv 
decreasing  against  loading  time  can  not  be 
found  at  1473K,  as  shown  in  Figure  1. 

3-2  Influence  of  Temperature  on  Hv 

Figure  3  shows  change  in  Vickers 
hardness  against  temperature  of  Fe-9Cr-2W- 
V-Ta  ferrite  steel  (JLF-1).  Temperatures 
decreased  the  Hv.  The  slope  of  Hv 
decreasing  was  changed  at  different 
temperature  ranges.  Three  ranges  were 
divided  at  773  and  1073K.  Tremendous 
decreasing  in  hardness  was  found  from 
773K  to  1073K.  Thus,  we  observed  that 
large  stress  relaxation,  that  is  creep,  from 
873K  to  1073K. 

3-3  X-ray  diffraction 

Fig.4  shows  X-ray  diffraction  patterns 
of  Fe-9Cr-2W-V-Ta  ferrite  steel  (JLF-1)  at 
different  temperature  ranges.  Isothermal 


Table  1.  Chemical  composition  of  Fe-9Cr-2W-V-Ta  ferrite  steel  (JLF-1)-HEAT2 

_ (mass%) 


c 

Si 

Mn 

P 

S 

Cr 

W 

V 

Ta 

Fe 

0.10 

0.05 

0.45 

0.003 

0.002 

8.85 

1.99 

0.20 

0.080 

balance 
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Fig.  1  Change  in  Vickers  hardness  against 
loading  time  at  different  temperature 


Fig.2 


Change  in  gradient  against  temperature 
at  Fig.  1. 


673K~heated  sample,  which  can  be  applied 
for  fusion  reactor  materials,  shows  body 
centered  cubic  phase,  as  shown  in  Figure  4 
(a).  The  crystal  structure  of  the  973K-heated 
sample,  in  which  tremendous  Hv  decreasing 
was  found  in  range  (b)  in  Figure  3,  is  body 
centered  cubic  phase  with  chromium  carbide, 
as  shown  in  Figure  4  (b).  Figure  4  (c)  of  the 
1473K-heated  sample  in  range  (c)  in  Figure 
3  shows  face  centered  cubic  phase  with 


Temperature,  T,  K 


Fig.3  Change  in  Vickers  hardness  against 
temperature  at  different  loading  times 
ofJLF-1. 


wolfram  carbide.  Based  on  X-ray  diffraction 
analysis  results,  body  centered  cubic  phase 
can  not  be  found  at  1473K,  whereas  face 
centered  cubic  phase  can  not  be  detected 
below  1093K. 

Body  centered  cubic  phase  peaks  as 
shown  in  (a)  and  (b)  were  found.  High  Hv 
and  tremendous  Hv  decreasing  against 
temperature  were  typical  feature  of  body 
centered  cubic  phase  with  separated 
precipitated  fine  carbides.  Based  on  the 
small  X-ray  diffraction  peaks,  the 
tremendous  Hv  decreasing  (see  Figure  3) 
from  773K  to  1073K  the  large  stress 
relaxation,  that  is  creep,  (see  Figures  1  and 
2)  from  873K  to  1073K  were  explained  by 
wolfram  carbide  coarsening  with  chromium 
carbide  annihilation. 

On  the  other  hand,  face  centered  cubic 
phase  peaks  as  shown  in  (c)  were  found. 
Low  Hv  and  slight  Hv  decreasing  against 
temperature  were  typical  feature  of  face 
centered  cubic  phase. 

4.  Conclusion 

Using  in-situ  hardness  test  at 
high  temperature,  the  hardness  values 
were  measured  for  Fe-9Cr-2W-V-Ta 
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steel  (JLF-l)  during  isothermal 
heating  from  373K  to  1473K.  The 
hardness  changes  against  loading  time 
can  not  be  remarkably  observed  below 
773K.  Thus,  we  concluded  that  JLF-1 
steal  with  low  activation  can  be 
applied  for  fusion  reactor  materials 
below  773K.  Furthermore,  to  predict 
high  temperature  morphology  changes 
induced  by  welding  for  reactor 
construction,  hardness  was  measured 
below  1473K.  Tremendous  decreasing 
in  hardness  was  found  from  773K  to 
1073K.  Based  on  X-ray  diffraction 
analysis  results,  bcc  phase  can  not 
found  at  1473K,  whereas  fee  phase  con 
not  detect  below  1093K.  Thus,  large 
stress  relaxation,  that  is  creep,  from 
873K  to  1073K  was  observed  and  can 
be  explained  by  wolfram  carbide 
coarsening  with  chromium  carbide 
annihilation.  By  using  this  method,  it  is 
possible  to  obtain  mechanical 


characteristics  in  short  time  with 
small  sample  without  special  forming 
of  test  piece. 
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Abstract 

Textile  composites  are  characterised 
by  a  hierarchy  of  structure,  which  can  be 
represented  by  a  model  of  geometry  and 
mechanical  behaviour  implemented  as  an 
integrated  modelling  and  design  tool  for 
textile  composites.  The  model  of  the  textile 
geometry  serves  as  a  base  for  meso- 
mechanical  and  permeability  models  for 
composites,  which  provide  simulation  tools 
for  analysis  of  composites  processing  and 
properties 

Key  Words:  Textile  composites,  geometry, 
mechanical  properties,  permeability 

Introduction 

Reliable  prediction  of  properties  (and 
mechanical  behaviour  in  the  more  broad 
sense)  of  composite  materials  is  of  primary 
importance  for  the  success  of  usage  of 


textile  composites.  The  complexity  of 
structure  and  presence  of  hierarchy  of 
structural  and  scale  levels  lead  to  the 
complexity  of  predictive  models,  high  level 
of  approximation  in  them,  and  to  the  high 
level  of  uncertainty  of  the  predictions,  when 
errors  are  accumulated  when  the  model 
progresses  from  one  hierarchical  level  to 
another.  The  same  hierarchy  provides  a 
very  generic  and  reasonable  route  for 
construction  of  the  predictive  models. 

Hierarchy  of  the  textile  composite 
structure 

Table  1  shows  the  "staircase"  of 
structural  elements  of  a  textile  composite 
and  modelling  problems  associated  with 
each  scale/structure  level.  Each  level  on  the 
staircase  is  occupied  by  models,  which  use 
the  input  data  of  topology  and  spacing 
parameters  of  structural  elements  (i.e.  weave 
pattern  and  warp/weft  count)  and  properties 


Table  1.  Hierarchy  of  structure  and  models  of  a  textile  composite 


Structure 

Elements 

Models 

Yam  (tow) 

Fibres 

Fibre  distribution  in  the  yam  and  its  change  under  load/strain. 
Mechanical  properties  of  the  yam 

Fabric 

(woven, 

knitted...) 

Yams 

Geometry  of  yams  in  the  fabric  and  its  change  under  load/strain. 
Mechanical  behaviour  of  the  fabric  repeat  under  complex 
loading. 

Composite 
unit  cell 

Fabric 

Matrix 

Mechanical  properties  (stiffness  matrix/non-linear;  strength). 
Permeability  tensor. 

Composite 

part 

(Deformed) 
unit  cells 

Behaviour  under  loading. 

Flow  of  the  resin 

Behaviour  in  the  forming  process. 
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of  the  elements  themselves  (i.e.  yams  in  a 
fabric)  to  predict  properties  of  the  structure 
(i.e.  geometry  of  the  fabric). 

Level  I.  Fibre  -»  Yarn:  Fibrous  structure 
of  a  yarn 

Normally  considered  circular, 
elliptical  or  lenticular,  textile  yams  and  tows 
have  a  complex  fibrous  structure  [1].  Fine 
details  of  this  structure  can  affect  such 
properties  of  a  composite  as  permeability 
and  stress  concentrations  within  yams.  The 
information  of  fibre  distribution  can  be  used 
for  prediction  of  mechanical  properties  of 
yams  (see  e.g.  [2]).  The  fibrous  structure  can 
change  under  load.  Consider  compression  of 
the  yam,  as  the  most  common  type  of 
deformation  in  the  composites  processing. 
Initially  even  distribution  of  fibres  can 
became  more  sparse  on  yam  boundaries  and 
more  dense  in  the  central  region  which  can 
be  simulated  using  conform  mapping  of 
defomied  yam  cross-sections  [1]. 

Level  II.  Yarn  -»  Fabric 

Internal  geometry  of  a  fabric 
We  shall  consider  here  a  woven  fabric  [3,4]. 
Consider  a  single  repeat  of  the  fabric. 
Assume  further  as  given:  (1)  all  the 
necessary  yam  properties;  (2)  the  topology 
of  the  yam  interlacing  pattern  within  the 
fabric  repeat;  (3)  the  yam  spacing  within  the 
repeat.  The  problem  is  to  compute  the 
spatial  placement  of  all  yams  in  the  repeat. 
In  more  practical  terms,  this  means: 
determine  all  the  yam  heart-lines  within  the 
repeat  and  define  the  yam  cross-sectional 
shape  and  its  dimensions  normal  to  the  yam 
heart-line  for  each  point  along  the  yam 
heart-lines. 

The  list  of  the  necessary  yam 
properties  includes  the  yam  geometry  in  free 
state  and  its  behaviour  in  compression, 
bending  and  friction.  Topology  of  the  yam 
interlacing  inside  a  multi-layered  woven 
structure  is  described  with  the  matrix 


Fig.  1.  WiseTex  software 


coding,  proposed  in  [5].  It  allows 
decomposition  of  yams  in  the  unit  cell  into 
elementary  crimp  intervals,  which  leads  to  a 
system  of  algebraic  equations  representing 
the  minimum  energy  configuration  of  the 
yams.  Solution  of  the  equations  gives 
heights  of  out-of-plane  and  in-plane  crimp 
of  warp  and  weft  yams,  and  the  complete 
yam  geometry  is  then  reconstructed  with  the 
help  of  a  spline  approximate  solution  for  the 
minimum  energy  problem  on  each  crimp 
interval.  This  algorithm  is  implemented  in 
the  WiseTex  software  (Fig.l). 

Geometrical  modelling  is  supported 
by  investigation  of  the  structure  of  textile 
reinforcements  and  composite  materials  with 
X-ray  computer  tomography  (Fig.2). 

Once  the  geometrical  model  of  a 
fabric  is  built,  the  model  of  fibre  distribution 
inside  yams  can  be  used  to  produce  a 
complete  description  of  the  unit  cell  fibrous 
structure.  In  the  simplest  case  such  a  model 
assumes  even  distribution  of  fibres,  taking 
into  account  yam  compression  inside  the 
fabric,  or  more  complex  models  of  fibre 
distribution  can  be  employed.  The  output 
data  constitute  input  for  meso-mechanical 
models  of  composites,  which  are  described 
below. 

Deformation  of  a  dry  fabric 
Modeling  of  deformation  of  a  dry  fabric  is  a 
necessary  part  of  any  predictive  model  of 
preform  formability.  The  compression 
model  of  a  textile  reinforcement  is  described 
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in  [6].  The  same  approach  can  be  applied  for 


Fig.2.  X-ray  tomography  image  of  a 
glass  laminate 

tension  (bi-  and  uni-axial)  of  a  woven  fabric. 
Applied  strain  increases  spacing  of  yams  in 
the  fabric.  Crimp  heights  in  the  deformed 
state  are  computed  via  the  energy  balance 
between  the  work  of  transversal  forces 
during  the  change  of  crimp  heights  of  warp 
and  weft  on  one  hand,  and  the  change  of 
bending  energy  of  yams  on  the  other  hand. 
The  strain  of  the  yams  in  the  crimp  intervals 
is  then  computed  and  forces  evaluated  using 
a  non-linear  tension  diagram  of  the  yam.  A 
similar  approach  can  be  applied  to  shear  and 
bending  of  the  fabric  [7,8]. 

Permeability  of  the  reinforcement 
The  Lattice  Boltzmann  (LB)  method,  which 
is  a  meso-scopic  approach  based  on  the 
evolution  of  “fluid”  particles  in  discrete  co¬ 
ordinate  and  velocity  space,  is  effectively 
used  to  model  complex  multi-phase  flow 


■  Experimental 
— • —  LB  simulations  ("solid"  tows) 


Fibre  volume  fraction 


Fig.3.  Results  of  Lattice  Boltzmann 
computations  of  permeability 


through  porous  media  with  an  arbitrary 
internal  geometry  (Phelan  et  al.  [9]).  The 
reliability  of  the  LB  permeability  prediction 
is  affected  to  a  great  extent  by  the  accuracy 
of  the  internal  geometry  description.  This 
includes  the  description  both  of  the  tow  path 
configuration  and  the  fibre  distribution  in 
the  tows.  These  data  are  readily  provided  by 
the  textile  geometry  preprocessor. 

The  way  the  textile  internal  structure  is 
usually  described  is  limited  to  the 
description  of  a  unit  cell,  which  then  is 
translated  in  two  in-plane  space  directions  to 
form  a  regular  stmcture  of  the  textile  layer. 
It  is  well  known  that  these  regular  structures 
are  not  the  case  in  composite  reality  as 
illustrated  in  Fig.2  for  plain-woven  glass 
reinforcement.  This  highly  irregular  pattern 
is  a  result  of  non-uniform  deformation  of  the 
reinforcement  layers  and  of  different  nesting 
of  the  layers.  This  irregularity  as  well  as 
non-uniform  fibre  distribution  in  tows  can 
have  a  cmcial  effect  on  the  permeability 
simulation,  and  explains  discrepancies  of  the 
experimental  and  predicted  data  (Fig.3). 

Level  III.  Fabric  ->  unit  cell  of  the 
composite 

Meso-mechanical  models  for  textile 
composites  require  one  of  two  distinct, 
idealized  geometrical  input  formats  from  a 
textile  geometry  preprocessor  (TGP). 

A  first  series  of  models  uses  the  actual 
yam  co-ordinates  to  derive  the 
reinforcement  volume  fraction,  orientation 
distribution,  yam  shape  and  curvature.  This 
is  the  Yarn  Path  Mode  of  output  of  TGP.  It 
is  used  by  the  meso-mechanical  model  based 
on  Eshelby's  transformation  concepts.  The 
model  uses  a  short  fibre  analogy  to  describe 
the  mechanical  behaviour  of  curved  yam 
segments,  combined  with  a  Mori-Tanaka  or 
self-consistent  scheme  to  account  for 
interaction  effects  [10].  The  Yam  Path 
Mode  is  also  used  to  transfer  geometrical 
description  of  a  textile  to  FE  packages  [11]. 
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Models  which  use  a  mapping  of  an 
actual  textile  fibrous  structure  on  a  regular 
3D  mesh  rely  on  another  type  of 
idealisation:  a  volume  discretisation  in 
which  the  original  textile  architecture  is 
mapped  into  a  3D  grid  of  simpler, 
homogenised  elements  (voxel  partitioning). 
The  TGP  implements  the  Fibre  Distribution 
mode  (FD)  as  an  interface  to  this  model 
class,  creating  a  3D  array  of  data  which 
stores  fibre  content  and  average  fibre 
orientation  for  sub-cells  of  desired  size  [12]. 

Level  IV:  unit  cell  ->  composite  part 

When  properties  of  a  unit  cell  of  composite 
material  are  known,  predictions  on  the 
uppermost  hierarchical  level  become 
possible  using  general  purpose  or 
specialized  FE  packages.  As  shown  on 
Fig.4,  predictive  models  described  above 
merge  into  an  Integrated  Design  Tool, 
providing  the  long-waited  solution  for  a 
designer  of  composite  structures. 

Conclusions 

The  modeling  strategy  proposed  in 
the  present  work  creates  a  link  between 
models  of  the  architecture  of  the  textile 
reinforcement  and  meso-mechanical  and 
permeability  models  of  composites.  It 
provides  an  opportunity  to  use 
manufacturer’s  fabric  and  yams  data, 
obtained  on  the  standard  equipment  for 
textile  testing,  as  a  starting  point  for 
modeling  of  composite  materials.  This  gives 
solid  foundation  for  a  priori  predictions  of 
mechanical  properties  of  composites, 
allowing  accounting  for  geometry 
peculiarities  (complex  crimp  and  porosity 
pattern)  and  yam  mechanical  behavior.  2D 
and  3D  textiles  are  easily  constructed, 
providing  great  flexibility  of  input  data.  A 
user-friendly  software  application  WiseTex 
allows  easy  manipulating  of  fabric  and  yam 
data  and  visualization  tools.  The  hierarchical 
concept  applies  to  many  different  types  of 


textile  reinforcement  structures,  resulting  in 
integrated  design  software  for  textile 
composite  modeling. 
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Abstract 

The  aim  of  this  paper  is  to  introduce 
some  manufacturing  technologies  for  knitted 
fabric  composites  taking  into  account  of  cost 
effective  to  their  performance.  One  of  their 
examples  is  thermal  or  vacuum  forming 
method  using  weft-knitted  fabric  reinforced 
thermoplastic  composites  for  a  high  cycle 
production,  and  another  example  is  a  low 
internal  pressure  molding  using  cylindrical 
weft-knitted  fabric  reinforced  thermosetting 
plastic  composites  for  repairing  a  gas  or 
sewage  branch-pipes.  It  is  concluded  that 
weft-knitted  fabric  reinforced  composites 
can  be  located  in  one  of  high  cost-effective 
advanced  composites  materials  by  modifying 
the  manufacturing  process. 

Key  Words:  Cost-effective  manufacture, 
Weft-knitted  fabric  composites,  Thermal 
forming,  Vacuum  forming,  Low  internal 
pressure  molding 

Introduction 

In  general,  textile  based  composites 
have  several  unique  properties,  e.g.  high 
fracture  toughness,  high  impact  absorption, 
high  structural  anisotropy  and  deformability, 
etc.  However  they  are  extremely  complex  for 
an  estimation  of  their  global  mechanical 
properties  with  changing  microscopic  textile 
structures.  Therefore  it  is  very  difficult  for 
the  practical  design  and  manufacture  of 
textile  composites  to  accomplish  a  high 


cost-effectiveness  to  their  performances.  In 
order  to  overcome  these  designing 
difficulties,  some  simulation  strategies  have 
been  proposed  recently  [1,2]. 

Under  those  situations,  most  of  textile 
composites  have  been  used  so  far  for 
particular  applications,  such  as  sub-structural 
parts  of  space  and  aircraft.  They  tend  to  be 
used  recently  for  civilian  goods  and  huge 
structures,  e.g.  automobiles,  sports  and  civil 
construction.  I  make  a  point  that  it  is 
necessary  for  a  wider  spread  of  textile 
composites  to  realize  their  low  cost 
manufacturing  process.  It  will  be  able  to  be 
achieved  by  changing  in  business  activities, 
because  the  fabrication  cost  of  traditional 
textile  fabrics,  such  as  weaving,  braiding  and 
knitting,  is  extremely  low  nowadays  for 
mass-production  from  a  historical  point  of 
view,  with  a  few  exceptions  of  particular 
textile  fabrics,  such  as  real  3-axial  structured 
solid  fabric.  Among  all  textile  structures, 
weft-knitted  structure,  which  is  flexible  and 
deformable  apart  from  weaving  and  braiding, 
posses  both  high  degree  of  designing 
freedom  and  high  production  efficiency  with 
low  cost  machines  and  small  factory  space, 
because  it  is  produced  from  only  one  yarn. 

High  Cost-Effectiveness  of  Weft-Knitted 
Structure 

Knitted  fabrics  are  classified  into  two 
types  of  knitted  structures,  i.e.  Warp-  and 
Weft-knitted  fabrics  by  manufacturing 
method.  Warp-knitted  fabric  is  produced 
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from  arrangement  of  many  warp-yarns  like 
weaving,  and  then  the  techniques  can  be 
applied  for  production  of  high-functional 
fabrics  such  as  3-dimensional  thick  fabric  [3] 
and  can  be  utilized  for  flexible  composite  [4], 
in  spite  of  its  low  tailored  flexibility. 
Weft-knitted  fabric,  on  the  other  hand,  can  be 
produced  from  only  one  or  more  bobbins  of 
yarn  basically  with  intertwining  and  simple 
yam-needle  movement  such  as  knit,  tuck, 
miss  and  transfer  [5].  Recently  some  of 
weft-knitted  machine  makers  have  developed 
full  computer-controlled  knitting  machines, 
which  can  fabricate  complex  3-D  shaped  and 
non-stitched  sweater  in  each  order  [6,7]. 
Therefore  this  technique  will  contribute  to 
the  fabrication  of  reinforcements  for  “Real 
Tailored  Textile  Composites”  with  help  of 
Information  Technology  in  the  near  future. 

Thermal  Forming 

Preparations  of  weft-knitted  fabric  and  its 
composites  sheet 


As  shown  in  Fig.l(a),  the  reinforcing 
fabrics  are  produced  with  weft-knitting 
machines  such  as  V-flat  bed  or  cylindrical 
type  of  machine,  and  impregnated  with 
thermoplastic  sheets  by  film  stacking  method. 
It  should  be  noted  that  high  melting  viscosity 
of  thermoplastic  matrix  results  in  poor 
impregnation  and  causes  large  deformation 
of  flexible  fabric.  As  solution  to  overcome 
these  problems,  commingled  yarn  or 
co-knitted  yarn,  which  is  arranged 
thermoplastic  yarn  and  reinforcing  yarn  into 
the  bundle  or  between  yarns  each  other,  can 
be  utilized  for  each  purpose.  In  the  case  of 
pre-sheet  fabrication  of  knitted  fabric 
thermoplastic  composites,  it  is  suitable  to  use 
combining  co-knitted  yarn  with  film  stacking 
method,  because  of  low  fiber  volume  fraction 
in  knitted  structure  and  lower  costs  of  yarn. 

Hot-press  forming  and  deep-drawing  [8] 


Knitting  process 


Prc-shcet  fabrication  process 


Forming  process 


Finishing  process 
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(a)  Press-forming  after  impregnation  (PFAI)  method 

Knitting  process  Forming  process  Finishing  process 
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(b)  Simultaneous  press-forming  and  impregnation  (SPFI)  method 
Fig.l  Thermal  forming  processes  of  weft-knitted  fabric  thermoplastic  composites. 
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In  the  case  of  “Press-Forming  After 
Impregnation  (PFAI)  method”  as  shown  in 
Fig.l(a),  the  pre-sheet  is  press-formed  with 
closed-dies  after  re-heating,  and  is  cooled 
below  the  glass  transition  temperature  of 
thermoplastic  matrix.  In  this  process,  it  is  key 
point  how  to  hold  the  pre-sheet  of  flexible 
knitted  fabric.  Moreover  the  deformation 
behavior  of  knitted  loop  should  be  paid  an 
attention  because  it  affects  on  mechanical 
properties  of  deformed  products  [9]. 

Fig.2  shows  an  example  of  convex 
product  press-formed  using  weft-knitted 
carbon  fiber  (Torayca®,  T300)  reinforced 
polypropylene.  This  structure  is  originally 
derived  from  Ref. 


Fig.2  Examples  of  convex  product 
press-formed  using  carbon  weft-knitted 
fabric  reinforced  polypropylene. 


In  the  case  of  “Simultaneous 
Press-Forming  and  Impregnation  (SPFI) 
method”  as  shown  in  Fig.  1(b),  co-knitted 
fabric  are  press-formed  with  an  impregnation 
simultaneously  by  heating.  Therefore  such  a 
one  step  heating  method  has  an  advantage  in 
lower  cost  and  energy,  but  production  cycle 
is  lower  because  it  needs  to  hold  enough  time 
for  impregnation.  Another  advantage  of  this 
method  is  possible  to  utilize  quasi-3 
dimensional  structure  co-knitted  fabric.  Such 
a  near-net  shape  of  knitted  pre-forming  can 
be  deformed  with  very  low  pressure  and  in 
keeping  the  predicted  knitted  structure.  This 
is  a  real-tailored  technology  possible  in 
weft-knitted  technology. 

Fig.3  shows  an  example  of  quasi-3D 
co-knitted  Aramid  (Technola®)  fabric  and  its 
press-formed  product. 


(b)  Press-formed  product 
Fig.3  Example  of  quasi-3D  co-knitted 
fabric  and  its  press-formed  product. 


Vacuum  Forming  [11] 

Vacuum  forming  is  used  for  lots  of 
productions  of  thermoplastic  package  covers 
and  the  protector  for  the  enclosed  product. 
This  manufacturing  method  is  very  low  cost. 
As  shown  in  Fig.4,  the  thermoplastic  sheet 
clamped  mechanically  is  deformed  with  a 
mold  after  reheating  and  a  vacuum  is  applied 
to  assist  in  deforming  the  sheet.  The 
thermoplastic  sheet  might  be  allowed  to  use 
fiber  reinforced  composites  if  the  fiber 
arrangement  and  heating  conditions  can  be 
taken  into  account  sufficiently.  Only  knitted 
fabric  is  suitable  reinforcement  for  vacuum 
forming,  because  of  its  high-deformability. 


(a)Clamp  &  Heating  (b)Forming  &  Vacuum 

Fig.4  Generic  vacuum  forming  process. 
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Fig.5  shows  examples  of  convex  products 
vacuum-formed  using  glass/polypropylene 


(b)  Carbon  /  Polypropylene 
Fig.5  Examples  of  vacuum  formed 
products. 


Fig.7  Cylindrical  weft-knitted  fabric  used 
for  lining  of  sewage  branch  pipe  curved. 


Conclusions 

Some  cost-effective  manufacturing 
technologies  using  weft-knitted  fabric 
composites  were  introduced  in  this  paper. 
Though  this  technique  never  referred  to  be 
brand-new,  the  traditional  textile  technology 
of  weft-knitted  fabric  can  conduct  a 
complemented  role  in  cost-effective 
manufacture  of  near-net  shape  3-dimensional 
and  flexible  advanced  composite  products. 


Low-Pressure  Molding  [12] 


It  is  useful  for  repairing  the  sewage 
branch  pipe  as  shown  in  Fig.6  and  7  to  utilize 
a  cylindrical  weft-knitted  fabric  reinforced 
unsaturated  polyester  resin.  The  key 
technologies  in  such  a  particulate  molding 
process  are  resin  impregnation  in  low 
pressure  and  non-wrinkling  in  curved  points. 
Therefore  a  knitted  structure  is  suitable  for 
such  a  low  cost  application. 

Steam  boiler 

Reverse  machine 

Curved  sewage 
branch  pipe 


- - - ^ 

\ 

Knitted  FRP  liner 

Damaged  sewage 
Repaired  liner  main  pipe 

. . . 

Sewage  water 

Fig.6  Scheme  of  reverse  lining  method  for 
repairing  sewage  branch  pipes. 
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ABSTRACT 

Braiding  is  one  of  the  useful  textile 
techniques  for  fabricating  near-net-shaped 
fiber  preform.  Automated  braided  preform 
fabrication  process  has  been  improved. 
Triaxial  braiding  was  evaluated  as  a  means 
of  reducing  the  cost  of  producing  airplane 
frames.  Braided  preforms  were  produced 
with  carbon  fiber,  and  deformed  into 
near-net-shape.  The  preforms  were  molded 
using  resin  transfer  molding  (RTM)  process 
with  epoxy  resin  into  I-beam  frames  and 
panels  for  investigating  mechanical  testing 
and  the  production  cost.  Mechanical 
testing  and  cost  analysis  indicated  that  the 
mechanical  properties  of  the  braided 
composites  are  superior  to  those  of 
aluminum  materials  and  that  the 
combination  of  the  braiding  and  the  RTM 
process  is  less  costly  than  the  hand-lay-up 
and  autoclave  process. 

Key  Words:  Braiding,  RTM,  CFRP  frames 

1.  INTRODUCTION 

In  1990’s,  textile  machine  producers, 
manufactures  of  textile  fabrics  and  preforms, 
aerospace  companies  combined  forces  to 


further  exploit  the  benefits  of  textile 
processes  for  fabrication  of  advanced 
composite  materials,  and  the  airplane 
manufactures  began  to  show  increased 
interest  in  textile  processes.  Textile 
processes  offered  the  potential  for  major 
cost  reductions  and  performance  gains. 

Braiding  is  one  of  the  useful  textile 
techniques  for  fabricating  near-net-shaped 
fiber  preform.  Fabrication  of  braided 
preforms  is  highly  automated  and  a  good 
balance  in  off-axis  properties  can  be 
achieved  with  braided  configurations.  The 
braided  preforms  are  well  suited  for 
complex  shapes  and  they  have  good 
drapability^. 

Braiding  technologies  have  been 
improved  by  developments  of  combining 
robotic  mechanism  to  make  complex  shaped 
preformes2).  The  automation  of  complete 
production  systems  including  a  braiding 
machine  has  also  been  improved3).  The 
production  cost  includes  the  cost  of  labor, 
tooling,  depreciation,  materials  and  etc. 
The  cost  of  labor  is  the  biggest  individual 
cost.  Automation  technology  is  the  most 
efficient  way  to  reduce  the  production  costs. 

Resin  transfer  molding  (RTM)  process 
is  well  suited  for  molding  the  textile 
reinforced  composites.  Recently  low 
viscosity  thermosetting  resin  systems  have 
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been  developed,  so  that  they  are  capable  of 
penetrating  near-net- shaped  large  part 
cavities.  In  addition,  the  RTM  process  is 
best  known  its  abilities  to  provide  an 
excellent  surface  finish,  and  the  cycle  times 
are  typically  short. 

In  this  paper,  the  main  focus  is  on  work 
performed  in  the  development  of  frames  or 
stringers  for  airplane  shown  in  fig.  1.  The 
frames  were  made  using  braiding  /  RTM 
process.  Tensile  and  Compressive  properties 
were  evaluated  the  production  cost  of  the 
braiding  /  RTM  process  was  compared  to 
that  of  autoclave  processes. 

This  paper  originated  from  research 
first  presented  in  “Study  on  Low-cost  CFRP 
Using  Braided  Preform  /  RTM  Process,” 
(society  of  Japanese  Aerospace  Company, 
1999-2000)4). 


Fig.  I  Airplane  applications  for  braid 
frames  or  stringers. 


2.  BRAIDING  TECHNIQUE  FOR 
FRAMES 

Fig.  2  shows  a  schematic  of  a  triaxial 
braided  structure.  Multiple  yams  are 
intertwined  on  a  mandrel  to  form  tubular 
shape.  Triaxial  braid  consists  of  three  types 
of  fiber  orientation,  0  0  ,+  0  °  and  -6°  . 

Braiding  yams  make  braiding  angles 
(±  0°  )  with  axis  of  the  braided  fabric. 
Longitudinal  yams  can  be  inserted  into 
braided  fabric  in  the  longitudinal  direction. 
The  braiding  angle  can  be  varied  within  a 
layer  to  meet  the  design  requirements.  If  a 
preform  design  must  be  formed  to  a 


thickness  requiring  more  than  one  layer, 
several  layers  can  be  braided  over  each  other 
to  achieve  the  required  thickness. 

When  the  final  product  configurations 
can’t  be  obtained  directly  from  braiding 
process,  the  preform  deforming  process  is 
used.  In  preform  deforming  process, 
braided  fabric  is  deformed  and  flattened  to 
make  frame  configurations  such  as 
T,  T,  ’T’  and  ‘Z’  shapes  shown  in  Fig.  3. 
The  braid  construction  after  deforming  is 
still  same  to  the  initial  braid  construction  in 
a  tubular  braided  fabric.  At  the  ends  in  the 
transverse  direction  of  them,  braided  fabrics 
are  not  cut  out  but  folded  up,  so  that 
braiding  yams  are  oriented  continuously. 

Fig.  4  shows  variations  of  braid  frame 
construction  to  make  thick  flange  parts  of  T 
frame,  using  other  smaller  braided  fabrics, 
core  materials  or  mandrels. 


Fig.  3  Frame  configurations  using 
deforming  process 
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Fig.  4  Variations  of  braid  frame 
construction. 

3.  RTM  PROCESS 

The  RTM  system  is  shown  in  Fig.  5 
and  consists  of  four  units,  pumping  unit, 
heating  unit,  mold  unit  and  vacuum  unit. 
The  preform  after  deforming  process  is  put 
into  the  mold,  and  the  mold  with  the 
preform  is  placed  into  the  heater  unit.  The 
pump  push  and  the  vacuum  pull  within  the 
mold  are  the  driving  force  for  bringing  the 
resin  into  the  preform.  The  required 
temperature  can  be  controlled  during  the 
RTM  process. 

The  RTM  process  is  simple  and 
consists  of  only  few  steps;  Prepare  the  mod 
tooling,  place  the  preform  into  the  mold, 
close  the  mold,  force  or  draw  the  resin  into 
the  mold,  saturate  the  preform,  cure 
everything,  and  demold  the  parts. 


4.  BRAIDED  COMPOSITE  T  FRAME 


Fabrication 

In  this  chapter,  ‘I’  frame  is  described 
as  an  example  of  frames.  Table  1  shows 
braided  preform  fiber  architecture  for  two 


types  of  T  frames,  T-60’  and  ‘1-45’.  T-60’ 
has  a  0°  /±60°  braid  construction  with 
12K  carbon  fiber  bundles  and  6K  carbon 
fiber  bundles  in  the  longitudinal  and  bias 
direction,  respectively.  T-45’  has  a  0°  / 
±45°  braid  construction  with  12K  carbon 
fiber  bundles  and  6K  carbon  fiber  bundles  in 
the  longitudinal  and  bias  direction, 
respectively. 

The  RTM  process  conditions  are 
shown  in  table  2.  The  temperature  was 
controlled  during  the  RTM  process  with  the 
PR-500  epoxy  resin  system.  The 
temperature  of  the  mold  for  filling  the  mold 
with  the  resin  was  160°C.  The  temperature 
of  mold  for  curing  was  180°C 


Thble  1  Braided  preform  fiber 
architecture. 


Type 

1-60 

1-45 

0°yam 

Torayca  T300-12KTorayca  T300-12K 

Braid  yarn 

Torayca  T300-6K  Torayca  T300-6K 

Braid  angle(  0  ) 

60° 

45° 

%0°  ,  %±e 

33.3%  ,  66.6% 

41.4%  ,  58.6% 

Table  2  RTM  process  conditions. 


Type 

Vacum-Assited  RTM 

Resin  system 

Epoxy  PR-500 

Mold  temp. 

160°C  (for  penetrating 
180°C(for  curing) 

Fig.  6  shows  a  photograph  of  T  frame 
composite  and  T  frame  preforms  of  T-45’. 
As  for  two  small  T  frames,  left  one  is  a 
composite,  and  another  is  a  braided  preform. 
The  dimensions  of  them  are  50mm  width, 
50mm  height  and  2mm  thickness.  A  large 
T  frame  preform  has  same  fiber 
architecture  as  small  ones,  and  the 
dimensions  are  100mm  width,  100mm 
height  and  2mm  thickness. 

Good  quality  T  frames  were  produced. 
Photomicrographic  investigation  of  the  areas 
in  a  flange  part,  in  a  web  part  and  in  a 
junction  did  not  show  any  signs  of  the  large 
voids. 
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Tensile  and  Compressive  properties 

Tensile  and  compression  tests  were 
carried  out  using  flat  plate  specimens,  ‘P-60’ 
and  ‘P-45’,  which  have  same  fiber 
architectures  as  the  ‘I’  frames,  ‘1-60’  and 
‘1-45’,  respectively.  Fig.  7  and  8  show  the 
results  of  tensile  and  compression  tests  with 
aluminum  materials,  Al-7075  and  Al-2024, 
as  comparison.  ‘P-60’  and  ‘P-45’  indicated 
higher  specific  moduli  and  strengths  than  the 
aluminum  materials.  The  test  results  make 
it  clear  that  braided  composite  frames  are 
qualified  to  use  for  frames  or  stringers  of 
airplane. 


5.  CONCLUTIONS 

Braided  preforms  were  produced  with 


carbon  fiber,  by  the  use  of  deforming 
process  for  airplane  frames.  The  preforms 
were  molded  using  resin  transfer  molding 
(RTM)  process  with  epoxy  resin  into  I-beam 
frames.  Braided  composite  frames 
indicated  superior  tensile  and  compressive 
properties  to  aluminum  materials. 

Furthermore,  cost  analyses  were  also 
investigated.  The  results  of  cost  studies 
indicated  that  Braiding  /  RTM  process  has 
approximately  a  30%  cost  advantage  over 
hand-lay-up  /  autoclave  process.  The 
braiding  /  RTM  process  is  capable  of 
applying  to  various  frame  configurations, 
and  the  process  is  be  expected  to  extend  the 
range  of  applications  of  composites  for 
airplane. 
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P-60  P-45  Al-7075  Al-2024 


Fig.  7  Specific  tensile  and  compressive 
moduli. 


P-60  P-45  A-7075  A-2024 


Fig.  8  Specific  tensile  and  compressive 
strengths. 
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Abstract 

Braids  have  been  applied  to  various 
scenes  in  our  life.  Recently  a  sash  clip  and 
shoelace  are  representative  examples  of 
braids.  The  mechanical  behavior  is  very 
complex,  because  the  braids  have  a  large 
deformability.  The  purpose  of  this  study  is  to 
propose  the  evaluation  method  of  the 
mechanical  properties  of  braids  under  the 
tensile  loading.  From  the  load-displacement 
curve  obtained,  some  mechanical  properties 
which  were  used  as  the  characteristic  values 
could  be  defined.  We  directly  measured 
Poisson's  ratio  by  observation  of  the  cross- 
sections  of  the  braids  under  various  tensile 
loading.  Therefore  the  dependency  of  the 
tensile  load  on  Poisson's  ratio  was  quantified. 
Other  three  types  of  shoelaces  made  of 
polyester  were  also  used  as  test  specimens. 
The  structures  used  are  Naiki,  Kamakura  and 
Marukara  braidings  and  their  cross-sections 
are  circle,  oval  and  flat  rectangle, 
respectively.  Based  on  the  above  results, 
relationship  between  braiding  structures  and 
mechanical  properties  could  not  be  clarified. 

Key  Words:  Shoelace,  Braid,  Tensile  Load, 
Mechanical  behavior 


Introduction 

The  braid  is  constructed  by  crossing 
three  or  more  strands  or  threads  under  the 
constant  pattern.  The  braiding  pattern  affects 
the  cross-sectional  shape  and  appearance. 
These  braids  have  been  used  in  our  life  more 
than  1 ,000-year  past.  However  even  a  basic 
mechanical  properties  such  as  the  stiffness 
and  strength  have  not  been  reported.  This  is 
derived  from  the  large  deformability  and 
interruption  of  bending  stress  and  larger 
Poisson’s  ratio  as  compared  with  common 
materials. 

In  this  study,  the  evaluation  method 
of  the  mechanical  properties  of  the  braid 
under  the  tensile  load  was  proposed  in  order 
to  precisely  clarify  the  mechanical  behavior. 
The  influences  of  braiding  structure  on  the 
proposed  mechanical  property  were 
discussed. 

Experimental  Method 

The  shoelace  used  has  circular  cross- 
section  as  shown  in  Fig.l,  the  braiding 
structure  is  called  as  Marukara-kumi.  The 
diameter  is  5.6mm.  The  tensile  tests  were 
performed  by  using  Instron  Testing  Machine 
(type  4204).  The  span  lengths,  Lo=80,  100 
and  150mm  were  used.  In  order  to  calculate 
Poisson’s  ratio  another  tensile  test  with 
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Sample 

A 

Geometry  of 
cross-section 

w  i 

-ID 

W[mm] 

5.6 

T(mm) 

5.6 

Area  [mm2] 

24.63 

Fig.l  Cross-sectional  properties  of  Sample-A 

L0=80mm  was  also  performed.  Poisson’s 
ratio  in  the  linear  region  of  common 
materials  is  a  constant  value.  However  the 
braid  has  a  large  deformability,  the  load- 
deflection  curve  is  not  linear  at  the  initial 
stage.  In  other  words,  Poisson’s  ratio  must 
not  be  constant,  the  dependency  of  load  value 
is  very  large.  Accordingly  the  relationship 
between  the  cross-sectional  area  and  the 
tensile  load  are  measured.  The  braid 
wrapped  by  the  nylon  tube  is  stretched  till 
four  kinds  of  load  values,  5,  10,  20  and  50N. 
These  loading  values  were  selected  in  the 


initial  loading  which  caused  the  drastic 
change  of  cross-sectional  area.  Under  the 
stretching  of  the  values,  epoxy  resin  is 
poured  into  the  tube.  After  epoxy  hardening, 
the  test  specimen  is  removed  from  the  testing 
machine,  and  the  cross-section  at  the 
specimen  cut  is  observed  by  the  microscope. 


Result  and  Discussions 

A  typical  load-displacement  curve 
and  cross-sectional  photographs  obtained 
from  the  braid  with  span  length  L0=80  in 
shown  in  Fig.2.  For  the  evaluation  of  the 
mechanical  properties,  the  following 
characteristic  values  were  calculated,  a 
denotes  a  displacement  at  the  point  S  that  the 
load  reaches  1.0  N.  b  denotes  the 
displacement  between  point  S  and  T.  T 
denotes  the  intersection  of  the  line  /  and 
horizontal  axis.  In  b,  cross-sections  of  the 
above  braids  drastically  changed,  c  denotes 
the  displacement  from  point  T  to 
displacement  at  the  maximum  tensile  load, 


Displacement  [mm] 


Fig.2  Load-displacement  curve  obtained  from  Sample-A  with  L0=80mm.  Upper 
graph  shows  the  diameter  plotted  against  displacement  with  4  cross-sectional 
photographs. 
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Pmax.  By  using  the  above  parameters  f ,,  e  2, 
E,  and  E2  were  calculated  by  following 
equations  as  the  mechanical  properties  of  the 
braids  subjected  to  tensile  load. 

=  b/(L0+a) 
e  2  =c/(L0+a) 

^1  ~Pmax  /  £  2 

E2  =  tan.1  (L0+a) 

Here,  s  7  indicates  the  strain  under  the  initial 
loading,  s  2  indicates  the  rupture  strain  of 
the  braid  which  has  the  almost  constant 
modulus.  Ej  and  E2  are  the  slopes  of  the  line 
connected  with  point  T  and  Pmax  and  the 
tangent  to  load-displacement  curves, 
respectively.  Both  Ej  and  E2  correspond  to 
the  specific  stiffness  of  the  braid. 

The  results  obtained  are  listed  in 
Table  1.  In  these  comparisons,  it  was  found 
that  all  the  mechanical  properties  obtained 
were  almost  constant.  The  proposed 
properties  can  not  be  affected  by  the  overall 
length  of  the  specimen.  In  other  words,  the 
properties  are  characteristic  values  of  the 
braids. 

Figure  2  also  shows  the  diameter 
plotted  against  the  displacement.  This  figure 
indicates  that  the  above  loading  values,  5,  10 
and  20  N  are  in  the  range  of  b  and  50N  is  in 
the  range  of  c.  The  reduction  in  the  diameter 
is  notable  in  the  initial  loading.  It  was  also 
confirmed  that  the  cross-section  at  any 
tensile  load  maintained  the  circle.  It  was  also 
found  that  Poisson’s  ratio  could  not  be 
constant.  Poisson’s  ratio  v  can  be  calculated 
from  the  following  equation 


Dp-Dq 


Here,  p  and  q  denote  the  loading  value.  Dp 
and  Dq  denotes  the  diameters  under  the 
loading  values  of  p  and  q,  respectively.  Lp 
and  Lq  denotes  the  displacements  under  the 
loading  values  of  p  and  q,  respectively. 
Table  2  shows  the  load  dependency  on 
Poisson’s  ratio.  Poisson’s  ratio  obtained 
between  tensile  loads  of  0  and  5N  is  1.90. 
Poisson’s  ratio  of  a  normal  isotropic 
homogeneous  material  must  not  be  greater 
than  0.5.  Because  the  0.5  means  the  zero 

Table  2  Tensile  properties  obtained  from  load 
displacement  curves 


Range  of  load  INI  Poisson’ s  ratio 


1/0-5  1,90 

1/5-10  0.17 


V  10-20  0.12 


cross-sectional  area.  This  too  large 
Poisson’s  ratio,  1 .90  indicates  that  the  change 
of  diameter  is  too  large  as  compared  with  the 
longitudinal  displacement.  This  is  a  specific 
characteristic  of  the  braid.  With  increasing 
tensile  load,  Poisson’s  ratio  decreases.  This 
is  derived  from  reduction  in  cross-sectional 
area  of  the  braid. 

Finally,  in  order  to  check  the 
influence  of  braiding  structure  upon  the 
above  4  mechanical  parameters,  tensile  tests 


Table  1  Tensile  properties  obtained  from  load-displacement  curves 


Lo  [mm]  Pmax  [N] 

E, 

E; 

80 

352.4 

0.32 

0.33 

1160 

1080 

100 

337.5 

0.25 

0.24 

1450 

1420 

150 

310.3 

0.28 

0.24 

1480 

1280 
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of  other  braiding  structures  shown  in  Fig.  3 
were  performed.  The  span  length  is 
constantly  100mm.  In  this  figure  these  three 
kinds  of  shoelace  called  as  Sample-B,  -C  and 
-D  are  also  on  the  market.  Sample-B,  -C  and 
-D  have  circle,  oval  and  rectangular  cross- 
sections  whose  structures  are  called  as 
Marukara-kumi,  Kamakura-kumi,  Naiki- 
kumi,  respectively. 

The  characteristic  value  which  was 
calculated  by  above-mentioned  technique 
based  on  the  load-displacement  curve  is 
listed  in  Table  3.  It  was  found  that  all 
properties  obtained  were  affected  by 
geometric  parameters.  It  was  found  that 
Sample-  C  and  -D  had  the  higher  stiffness 
and  strength  rather  than  other  samples  with 
circular  cross-section.  On  the  other  hand. 
Sample-  C  and  -D  has  smaller  e  j  and  e  2 


Sample 

B 

C 

D 

Geometry  of 
cross-jcctton 

JA! 

40 

ritn 

W[mmj 

3.4 

6.6 

7.5 

Timm] 

3.4 

3.8 

1.8 

Area  [mm2] 

9.08 

19.70 

13.50 

Fig.3  Cross-sectional  properties  of  other 
Samples,  Sample-B,  -C  and  -D. 


was  almost  constant  in  all  samples.  Judging 
from  the  results,  the  lower  modulus  and  ther 
larger  e  ,  of  Sample-A  and  -B  may  be 
derived  from  the  deformability  of  the  circular 
cross-section.  These  results  may  be  derived 
from  that  the  circular  cross-section  in  the 
braids  can  easily  deformed,  as  compared  with 
other  cross-sections,  oval  and  rectangular. 

Conclusions 

The  evaluation  method  of  the  basic 
mechanical  properties  for  braids  under  the 
tensile  loading  was  proposed.  Therefore 
some  parameters,  e  ,,  e  2,  E,  and  E[  could  be 
defined.  Another  important  parameter, 
Poisson’s  ratio  was  directly  measured  by  the 
proposed  technique  and  the  relationship 
between  Poisson’s  ratio  and  tensile  loading 
value  was  quantified.  The  singular  Poisson’s 
ratio  can  make  a  great  influence  on  the 
knotting  and  unknotting  behaviors  of  the 
braids.  Also  the  the  braiding  structure 
affected  the  mechanical  properties,  however 
the  relationship  could  not  be  quantified. 
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Table  3  Tensile  properties  obtained  from  load-displacement  curves 


Smple  L0  [mm] 

Pm„[N] 

£i 

£ 2 

E, 

E2 

A 

100 

337.5 

0.25 

0.24 

1450 

1420 

B 

100 

297.3 

0.15 

0.27 

1110 

1180 

C 

100 

583.0 

0.10 

0.27 

2160 

3080 

D 

100 

438.7 

0.10 

0.25 

1770 

1820 
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Abstract 

This  textile  preform  is  user  for  the 
reinforcement  of  textile  composites. 
The  deformation  mechanism  of  textile 
greatly  affect  the  mechanical  behavior 
of  it's  composite  under  various  external 
loadings.  This  study  is  to  investigate 
the  deformation  mechanism  of  the 
textiles  under  uni  and  bi-axial  tensile 
loading.  Deformation  state  of  the 
cross-section  of  the  textile  was 
observed  using  microscope.  As  the 
result  of  these  experiments,  The 
deformation  state  of  the  textile  can  be 
divide  into  two  state.  In  first  stage,  the 
structure  of  textile  such  as  crimp  ratio 
and  so  on  is  mainly  changed  by  tensile 
load.  And  in  next  stage  the  fiber 
bundle  of  textile  is  deformed  and 
fractured  by  the  external  load.  Using 
these  result,  we  developed  the 
numerical  model  of  fabric  which  can 
simulate  the  deformation  state  under 
various  external  loadings. 


1.  Introduction 

The  geometric  structure  of  the  textile 
affects  the  mechanical  property  of  the 
textile.  Consequentially,  the  textile 
shows  the  nonlinear  behavior  in  the 
anisotropy.  It  is  difficult  to  predict  the 
deformation  behavior  of  the  textile 
that  shows  the  peculiar  behavior.  It  is 
necessary  to  grasp  the  behavior  of  the 
whole  fabric  structure  in  which  it  is 
only  in  mechanical  property  that  the 
fabric  shows  in  order  to  predict  the 
deformation  behavior  of  the  fabric.  As 
the  technique  that  solves  these 
problems,  the  analysis  using  the 
computer  is  proposed.  However,  the 
construction  of  the  numerical  model 
that  expresses  the  relationship 
between  mechanical  property  that  the 
textile  shows  and  structure  is  required 
in  order  to  use  the  analysis  using  the 
computer.  Investigations  by  the 
experiment  on  mechanical  property 
and  deformation  behavior  of  the  textile 


Table  1  Textile  for  target  specimen 


Warp 

Weft 

Fiber  orientation  number  per  100  mm2 

74 

70 

Initial  crimp  angle  (degree) 

18.8 

30.5 

Aspect  ratio  of  initial  cross-section 

0.72 

0.38 

705 


are  necessary  for  the  construction  of 
this  numerical  model.  In  this  study, 
the  construction  of  this  numerical 
model  was  made  to  be  a  purpose. 
Mechanical  property  and  deformation 
behavior  of  the  textile  were 
investigated  actually.  And,  Numerical 
model  of  the  textile  was  constructed 
according  to  collected  experimental 
data.  The  analysis  simulation  was 
practice  using  made  numerical  model. 
Analytical  result  was  compared  and 
was  examined  with  the  experimental 
data.  And  the  effectiveness  of  the 
analysis  was  examined. 

2.  Experiment  approach 
The  cloth  made  of  the  acrylic  with  the 
biaxial  plain  weave  structure  was  used 
as  specimen.  The  outline  of  the 
specimen  is  shown  at  Table  1.  In  this 
study,  biaxial  tensile  testing  machine 
was  used  as  testing  machine. 

The  dimension  of  the  specimen  was 
made  to  be  120mm  length  of  the  length 
and  120mm  length  of  the  width.  The 
tensile  velocity  was  made  to  be  1.00 
(mm/sec.).  The  measurement  of  the 


0  5  10  15  20  25 


Dispacement  (mm) 

Fig  1  Load-displacement  curve  of  textile 


(a)  Weft  (b)  Warp 

Fig.2  Cross-section  of  deformed  testile 
strain  made  the  point  on  specimen 
surface,  and  it  calculated  the  strain  by 
the  relative  displacement  magnitude  of 
the  distance.  The  cross-sectional 
observation  fixed  specimen  in  the 
condition  that  put  on  the  load,  and  it 
observed  the  cross  section  by  the 
microscope. 

3.  Experimental  result  and  discussion 

In  the  uni-axial  tensile  test,  the 
following  are  shown  in  Fig.l- 
Load-displacement  curve  in  putting  on 
the  load  to  the  weft  yarn  direction  and 
load-displacement  curve  in  fixing  the 


Fig.  3  Numerical  model  of  textile 
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cross- direction  displacement.  As  a 
result  of  comparing  these  2  curves,  it 
was  confirmed  that  initial  gradient 
differed.  And,  the  tendency  of  the 
curve  has  changed  30%~50%  range  at 
the  maximum  load  for  the  boundary  in 
these  2  curves. 

This  phenomenon  seems  to  be  not 
material  peculiar  property  but  thing 
by  the  change  of  the  fabric  structure. 
Then,  the  deformation  of  the 
cross-sectional  shape  at  each  load  was 
investigated.  The  parallel  cross-section 
photograph  in  the  weft  under  each  load 
is  shown  in  Fig.2-a.  Parallel 
cross-section  photograph  in  the  warp 
also  is  shown  in  Fig.2*b.  The  tendency 
in  the  whole  figure  is  observed.  Fiber 
bundle  of  the  load  direction  (weft)  is 
extended,  and  the  crimp  angle 
decreases.  Crimp  angle  which 
cross-direction  fiber  bundle  (warp) 
makes  grows  with  act  on  the 
deformation  of  fiber  bundle  of  the  load 
direction  (weft).  The  deformation  of 
crimp  angle  which  fiber  bundle  of  the 
load  direction  (weft)  makes  in  point  of 
time  which  reached  30%  load  at 
maximum  load  seems  to  be  achieving 
limitative  this  phenomenon.  The 
property  which  fiber  bundle  it  of  the 
load  direction  shows  after  the  30%  load 
at  the  maximum  load  seems  to  have 
appeared  in  the  gradient  of  the  graph. 
And,  the  cross-sectional  shape  of  fiber 
bundle  is  observed.  Cross-sectional 
shape  changes  on  fiber  bundle  of  the 
load  (weft)  direction  from  the  ellipse  to 
round  shape  in  order  to  put  on  the  load. 
Cross-direction  fiber  bundle  (warp), 


since  there  is  no  the  cross-direction 
load,  the  effect  in  which  crimp  angle  of 
fiber  bundle  of  the  load  direction 
decreases  is  received,  and  it  changes 
from  round  shape  to  the  ellipse. 

Warp  and  weft  influence,  and  there  is, 
the  fabric  has  formed  the  deformation 
behavior  of  the  whole  textile.  It  is 
necessary  to  consider  the  deformation 
behavior  of  not  only  fiber  bundle  but 
also  cross -direction  fiber  bundle  which 
it  influences  of  the  load  direction, 
when  the  fabric  is  evaluated. 


0  5  10  15  20  25 

Dispacement  (mm) 

Fig.4  Load-displacement  curve  by  calculation 

4.  Numerical  proceedure 
Proposed  numerical  model  was 
constructed  to  be  the  smallest  unit 
that  consisted  of  2  warp  bundles  and  2 
weft  ones.  Element  type  that 
constituted  the  model  used  the 
three-dimensional  and  solid  type. 
Plain  weave  structure  that  consisted  of 
warp  and  weft  was  expressed.  The 
numerical  model  is  shown  in  Fig.  3. 
The  dimension  of  the  model  used  the 
dimension  measured  by  the 
cross-sectional  observation.  It  was 
made  to  be  length  2.7mm,  width 
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2.8mm,  and  1mm  thickness.  The 
X-axis  direction  is  made  to  be 
orientation  direction  of  the  warp,  and 
the  Y-axis  direction  was  made  to  be 
orientation  direction  of  the  weft. 

The  material  property  used 
information  got  from  tensile  test  of 
fiber  bundle  of  one.  El  and  E2  were 
calculated  according  to  two  collinear 
approximation  of  the  result  graph.  By 
setting  El  and  E2,  the  no  linearity  of 
the  material  property  was  expressed. 
The  yield  stress  was  made  to  be 
27.6MPa  as  El=599MPa,E2=267MPa. 
The  boundary  condition  was  set  at  the 
condition  equal  to  the  experiment.  The 
load  was  given  in  the  weft  direction, 
and  the  displacement  velocity  was 
made  to  be  lmm/time.  2-types  were 
analyzed.  Type  1  Without  fix  the 
cross-direction  displacement,  Type 
2:Fix  the  cross-direction  displacement. 

5.  Numerical  result  and  discussion 
Load-displacement  curve  according  to 
the  analytical  result  is  shown  in  Fig.4. 
Initial  gradient  of  the  curve  is  different 
by  fixation  of  cross-direction 
displacement.  The  gradient  of  the 
curve  has  changed  the  similar  range 


Displacement  (mm) 

Fig.  5  Crimp  angle(Calculation) 


for  the  boundary.  Next,  the 
deformation  of  crimp  angle  that  the 
fiber  bundle  of  the  load  direction  made 
was  noticed.  The  graph  of  the 
deformation  of  the  crimp  angle  that 
the  fiber  bundle  by  the  analysis  makes 
in  Fig.5  is  shown,  by  the  experiment 
makes  in  Fig.6  is  shown.  It  was 
confirmed  that  the  almost  similar 
tendency  in  these  two  graphs.  By  these 
results,  it  seems  to  have  appeared  in 
not  only  setting  of  the  material 
property  constant  but  also  analysis  the 
effect  of  the  fabric  structure. 

6.  Conclusion 

Fiber  bundle  affects  the  deformation 
behavior  of  the  whole  textile  from  the 
structure.  It  was  possible  that  the 
analysis  using  the  numerical  model 
constructed  by  this  consideration 
expressed  the  effect  on  mechanical 
properties  that  the  fabric  composition 
gives. 

Therefore,  the  analysis  using  the 
three-dimensional  model  that 
expressed  the  fabric  structure  is 
effective  as  a  means  for  predicting  the 
deformation  behavior  of  the  textile. 


Displacement  (mm) 

Fig.6  Crimp  angle(Experiment) 
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Abstract  Introduction 


As  manufacturing  method  of  fiber 
reinforced  thermoplastics  (FRTP),  the 
deep-drawing  method  is  studied.  Two  types 
of  knitted  fabrics,  i.e.,  plain  and  rib  knitted 
fabric,  are  used  as  reinforcement  because  of 
their  high  drapability.  The  constituents  are 
the  aramid  fiber  and  the  polypropylene.  The 
strain  distribution  during  the  deep-drawing 
process  was  measured  very  precisely  based 
on  the  knitted  structures,  motivated  by  the 
fact  that  the  function  of  the  product  is 
strongly  dependent  on  the  largely  deformed 
knitted  structures.  This  paper  discusses  the 
comparison  for  deformation  behaviors  of 
plain  knitted  fabric  with  rib  knitted  one. 
Clear  differences  in  the  strain  distribution  or 
forming  mechanism  were  revealed  between 
the  plain  and  rib  knitted  fabric  reinforced 
composite  materials.  From  the  experimental 
results,  it  is  obvious  that  the  deformation 
behaviors  and  the  draping  mechanism  are 
quit  different  according  to  the  knitted 
structures.  These  evidences  are  very  useful 
for  the  microscopic  structural  designing  of 
knitted  fabric,  which  is  used  as 
reinforcements  in  deep-drawn  products  of 
fiber  reinforced  thermoplastic  composites. 

Key  Words:  Thermoplastic  composites, 
Weft-knitted  fabric,  Deep-drawing,  Strain 
distribution 


Fiber  reinforced  composite  materials, 
which  have  high  specific  modulus  and 
strength,  are  required  for  both  achievement 
of  lower  cost  manufacturing  system  and 
recycling  available  material  selections.  Thus 
it  is  a  key  technology  in  present  to  develop 
the  cost-efficient  fabrication  methods  for 
fiber  reinforced  thermoplastic  composites, 
which  have  very  complicated  shapes. 
Deep-drawing  method  is  one  of  the  typical 
forming  processes  for  continuous  fiber 
reinforced  composites  [1],  and  it  has  some 
advantages  in  low  cost  and  high  cyclic 
production  as  compared  with  autoclave  or 
tape  lay-up  method  for  manufacturing  of 
thermosetting  plastic  composites.  The 
production  procedure  is  very  simple  as  the 
below  sequence:  1)  impregnation,  2)  heating, 
3)  forming  and  4)  cooling,  because 
thermoplastic  matrix  is  used.  The  sequential 
structural  deformation  of  fiber 
reinforcements  in  each  process  significantly 
affects  on  the  mechanical  properties  of 
forming  products.  In  present,  however,  there 
is  no  definition  for  the  evaluation  method  of 
deformable  performance  in  microscopic 
scale.  Therefore  it  is  important  to  obtain  the 
experimental  information  for  strain 
distribution  in  fiber  configurations  during 
forming  processes. 
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Experimental  Details 

Weft-knitted  fabrics  examined 

The  microscopic  strain  field  of 
knitted  fabric  thermoplastic  composites  has 
been  measured  as  experimental  work  for  two 
types  of  typical  weft-knitted  fabrics,  i.e.  plain 
knitted  and  rib  knitted  fabrics  as  shown  in 
Fig.l.  Such  knitted  fabrics  are  prepared  with 
Aramid  fiber  (Teijin  Co.,  Technora®,  T-360 
Spunnized  yarn,  #10  (572de.)). 

F  F  F  F  B  F 


(a)  Plain  knit  (b)  Rib  knit 
Fig.l  Geometries  of  knitted  structures. 


Deep-drawing  process 

The  knitted  fabric  reinforced 
polypropylene  composite  sheet  was  prepared 
with  film  stacking  method  and  deep-drawn 
by  semi-spherical  punch  with  a  low  clamping 
force  after  reheating  as  shown  in  Fig.2. 


Fig.2  Scheme  of  deep-drawing  process. 


Definitions  of  Strain 


With  comparing  the  deformation 
behaviors  of  plain  knitted  fabric  with  rib 
knitted  one,  it  is  evidence  from  uni-axial 
tensile  test  of  rib  knitted  structure  that  the 
rotation  of  sinker  loop  is  more  predominant 
than  that  of  needle  loop.  Thus  strain  is 
defined  as  in-plane  deformation  of  a  unit  of 
knitted  loop  for  the  plain  knitted  fabric 
composites  (Eq.la  and  lb).  With  rib  knitted 
ones,  on  the  other  hand,  it  is  defined  as 


in-plane  deformation  at  a  unit  of  grid  because 
of  the  complicated  deformation  behaviors 
(Eq.2a  and  2b). 

For  the  case  of  plain  knitted  fabric: 

(la) 

x  2\  BC  DA  j 

=  UA'B'-AB  +  CD'-CD\im%)  (lb) 
y  2\  AB  CD  j 

For  the  case  of  rib  knitted  fabric: 


(a)  Plain  knit  (b)  Rib  knit 


Fig.3  Definition  of  strain. 
Experimental  Results 


Fig.4  shows  the  strain  distributions 
along  wale  direction  of  plain  knitted  fabric 
deep-drawn  sheets  with  changing  of  punch 
stroke.  In  the  case  of  low  stroke  (z=10mm), 
only  20%  or  less  strain  occurs  almost  wholly 
in  both  axial  and  lateral  directions.  When  the 
stroke  reaches  to  z=30mm,  strain  distribution 
affects  significantly  at  the  edges  of  C  and  C’ 
points,  where  axial  Y-strain  concentrates  up 
to  50%  and  lateral  X-strain  tends  to  be 
negative.  As  the  stroke  closes  to  the  ultimate 
elongation  of  knitted  fabric  composites 
(z=50),  axial  Y-strain  is  extremely  high, 
while  lateral  X-strain  increases  negatively  to 
around  40%,  in  the  region  of  E  and  F  points. 

From  these  strain  distributions,  a 
knitted  loop  make  elongate  to  wale  direction 
the  largest  at  the  edges,  afterward  the 
elongation  of  loop  relaxes  because  the 
surrounding  fabric  is  drawn  to  the  cylindrical 
parts  as  the  stroke  increases  in  the  case  of 
plain  knitted  fabric  composites.  Therefore  it 
is  important  for  deep-drawing  performance 
of  knitted  fabric  composites  to  relax  strain 
concentrations  at  flat,  i.e.,  un-drawn  parts. 


710 


(b)  z=30mm 


(c)  z=52mm 

Fig.4  Strain  distributions  along  wale  direction  (Plain  knit). 


Fig.4  shows  the  strain  distributions 
along  wale  direction  of  rib  knitted  fabric 
deep-drawn  sheets  with  changing  of  punch 
stroke.  In  the  stroke  of  z=10mm,  the  axial 
Y-strain  reaches  to  around  20%  in  the 
spherical  region  contacting  to  punch.  Its 
tendency  enhances  as  the  stroke  increase  to 
z=30mm.  When  the  stroke  reaches  to 
z=52mm,  the  axial  Y-strain  increases  up  to 
around  50%  in  spherical  parts  and  over  90% 
in  the  bottom  of  the  cylindrical  ones. 

Discussions 

On  speaking  from  macroscopic  point 
of  view  of  strain  distribution  in  deep-drawn 
sheet,  in  the  case  of  plain  knitted  fabric 
composites,  the  strain  concentrates  at  the 
edge  region  and  changes  significantly 
between  the  spherical  parts  and  cylindrical 
ones,  but  the  strain  distribution  is  uniform  for 
rib  knitted  ones.  The  strain  relaxation  at  the 


edge  part  is  large  for  the  plain  knitted  fabric 
composites,  but  it  is  lower  for  rib  knitted 
ones.  Therefore,  on  speaking  the  mechanism 
of  draping,  the  drawing  process  is  dominated 
for  the  plain  knitted  fabric  composites,  but 
the  loop  stretching  is  dominated  for  the  rib 
knitted  ones.  The  rib  knitted  fabric 
composites  behave  larger  in  the  degree  of 
anisotropy  than  plain  knitted  one. 

From  the  deformation  in  outer  shape 
of  deep-drawn  products  for  plain  and  rib 
knitted  fabric  composites  shown  in  Fig.6,  it  is 
obvious  that  plain  knitted  fabric  is  larger  in 
the  measure  of  drawing  than  rib  knitted  one. 
In  addition,  the  degree  of  anisotropy  for  rib 
knitted  fabric  is  larger  than  that  for  plain 
knitted  one. 

From  these  experimental  results,  it  is 
concluded  that  the  deformation  behaviors 
and  the  draping  mechanism  are  quit  different 
according  to  the  knitted  structures. 
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Fig.5  Strain  distributions  along  wale  direction  (Rib  knit). 
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(a)  Plain  knit  (b)  Rib  knit 

Fig.6  Deformation  in  outer  shape  of 
deep-drawn  products. 


Conclusions 


In  this  study,  strain  distribution 
during  deep-drawing  process  of  weft-knitted 
fabric  thermoplastic  composites  was 
measured  more  preciously  based  on  knitted 
structures.  Clear  differences  in  the  strain 
distribution  or  forming  mechanism  were 
revealed  between  the  plain  and  rib  knitted 
fabric.  These  experimental  results  are  useful 
for  the  microscopic  structural  design  of 
weft-knitted  fabrics,  which  are  used  for  the 
reinforcements  of  deep-drawing  products. 


To  conclude  it  can  be  stated  that  the 
consideration  of  strain  distribution  in 
combination  with  finite  element  analysis 
based  on  homogeneous  method  [2]  is  very 
useful  for  understanding  the  complicated 
deformation  behavior  of  textile  based 
composites,  and  for  both  material  and 
process  designing  of  complicated  shape 
composite  structures  with  repeated  textile 
microstructures. 
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Abstract 

Cyclic  compression  test  was  performed  on 
square  braided  fabric  and  the  hysteresis  loop  in 
load  and  displacement  was  investigated.  The  ob¬ 
servation  of  die  cross  section  with  optical  micros¬ 
copy  was  performed  and  the  mechanism  of  de¬ 
formation  under  compressive  loading  was  clari¬ 
fied.  Structure  inside  of  braided  fabric  and  com¬ 
pressive  properties  were  extremely  changed  at 
first  compression  and  then  tended  to  converge  to 
stable  structure. 

Key  words:  Square  braided  fabric.  Cyclic  com¬ 
pression  test.  Fiber  orientation  state. 

1.  Introduction 

Braided  fabric  has  a  structure  which  exhibits 
die  ability  of  long  fiber  bundle  and  the  composite 
has  excellent  mechanical  properties.  The  rep¬ 
resentative  braided  fabrics  are  classified  into  three 
kinds  of  braided  fabrics,  flat  braided  fabrics,  tu¬ 
bular  braided  fabrics  and  square  braided  fabrics, 
according  to  the  shape  and  the  manufacturing 
technique.  Especially,  in  the  square  braided  fab¬ 
ric,  the  fiber  bundles  are  continuously  braided 
each  other  through  the  thickness  and  longitudinal 
direction.  Therefore,  when  the  square  braided 
fabric  was  used  as  reinforcements  of  the  com¬ 
posite,  it  is  realized  to  prevent  the  delamination 
which  has  been  the  disadvantage  of  other  lami¬ 
nated  composites. 


This  study  has  currently  focused  on  the  relation 
between  structure  of  braided  fabrics  and  me¬ 
chanical  behavior  of  the  fabrics  on  thick  square 
braided  fabric.  Cyclic  compression  test  was 
performed  on  square  braided  fabric  and  the  hys¬ 
teresis  loop  in  load  and  displacement  was  inves¬ 
tigated.  Slices  of  cross-section  of  the  braided 
fabrics  were  observed  by  optical  microscopy  for 
each  compression  loading  and  the  observation 
results  were  related  to  the  load-displacement 
behavior.  From  these  results,  mechanism  of  de¬ 
formation  on  square  braided  fabric  was  clarified. 

2.  Experiment 

2.1  Specimens 

The  cross  section  of  fabricated  square  braided 
fabric  is  shown  in  Fig.  1(a).  Arrows  in  this  figure 
indicate  the  direction  of  the  movement  of  the 
spindles.  4  tracks  (track  a,  b)  constructs  two  dif¬ 
ferent  fiber  bundle  pass  as  shown  in  Fig.  1  (b);  fi¬ 
ber  bundle  ‘a’  and  ‘b’.  In  Fig.  1(b),  narrow  and 
wide  line  shows  the  outline  of  square  braided  and 
the  fiber  bundle  pass  respectively.  The  fiber 
bundle  ‘a’  is  composed  by  2  straight  lines  con¬ 
necting  the  comers  diagonally  and  shows  recip¬ 
rocating  motion.  On  the  other  hand,  fiber  bundle 
‘b’  is  composed  by  4  straight  lines  connecting 
the  4  flat  surfaces  and  shows  round  motion. 

Aramid  fiber  bundle  (HM-1055-7250d  12  U 
m  x  5000  filament;  AKZO)  was  used  and  two 
fiber  bundle  was  combined  with  1  fiber  bundle. 
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The  braiding  angle  0 ,  the  angle  between  longi¬ 
tudinal  direction  and  fiber  bundle  on  route  b  ap¬ 
peared  to  the  surface,  were  changed.  Three  types 
of  specimen  with  different  braiding  angle  of  22, 
27, 35  and  cross  sectional  area  of  1 00mm2  were 
fabricated. 


2.2  Compression  test 

Cyclic  compression  test  for  the  square  braided 
fabric  was  performed  by  Instron  universal  testing 
machine  (Type4206)  with  flat  platters.  Braided 
fabric  for  the  test  was  1 50mm  in  length.  The  di¬ 
ameter  of  upper  and  bottom  platter  was  1 00  and 
150mm  respectively.  The  square  braided  fabric 
was  compressed  and  unloaded  between  2000N 
and  ON  for  five  cycles.  Cross  head  speed  is  1  mm/ 
min.  The  hysteresis  loop  in  load  and  displace¬ 
ment  was  measured. 

2.3  Observation  of  cross  section 

In  order  to  investigate  die  change  in  fiber  ori¬ 
entation  states  inside  of  the  square  braided  fabric 
under  the  compression  load,  observation  of  the 
cross  section  was  performed.  During  the  com¬ 
pression  tests,  the  specimen  was  impregnated  with 
resin  under  certain  compression  loading.  Then  the 
polished  cross-section  ofthe  braided  fabrics  was 
observed  by  optical  microscopy  at  intervals  of 
every  1mm. 

From  these  pictures,  the  data  ofthe  shape  and 
location  ofthe  cross  section  offiber  bundles  could 
be  taken,  consequently,  centroid  of  the  fiber 
bundles  could  be  calculated.  From  these  data. 


3  dimensional  plots  for  the  centroid  of  the  fiber 
bundle  before  and  after  testing  were  constructed 
to  examine  the  fiber  orientation  state  and  the  de¬ 
formation  state  of  the  square  braided  fabric. 

3.  Results 

3.1  Compression  properties 

Typical  hysteresis  loop  in  load  and  displace¬ 
ment  was  shown  in  Fig.2.  In  the  1  st  compression 
cycle,  compression  curve  was  composed  of  two 
regions;  the  load  increased  slowly  at  first  region 
and  then  load  increased  rapidly  at  second  region. 
Reconstruction  curve  had  only  second  region  of 
compression  curve  and  the  residual  deformation 
was  about  40%  of  initial  specimen  size  at  un-load- 
ing  point  of  ON.  After  2nd  cycle,  the  hysteresis 
loop  in  load  and  displacement  tends  to  converge 
at  same  curve. 

Fig.3  shows  the  relation  between  compression 
ratio  and  the  compression  cycle.  Here,  compres¬ 
sion  ratio  is  the  ratio  of  the  compressive  displace¬ 
ment  at  the  maximum  load  to  the  initial  thickness 
of  the  specimen  before  test  as  shown  in  Fig.3. 
Also,  Fig.4  shows  the  relation  between  recon¬ 
struction  ratio  and  the  compression  cycle.  Here, 
reconstruction  ratio  is  the  ratio  ofthe  reconstruc¬ 
tive  displacement  to  compressive  displacement 
as  shown  in  Fig.4.  The  compression  ratio  is  cor¬ 
responded  with  the  compressive  strain  at  2000N 
and  the  reconstruction  ratio  means  a  kind  of  re¬ 
sidual  strain.  The  compression  and  reconstruc¬ 
tion  ratio  was  changed  largely  from  1  st  cycle  to 
2nd  cycle  and  then  kept  almost  same  value.  These 
compression  properties  were  the  same  in  the  3 
kinds  of  specimens  with  different  braiding  angle, 
therefore  it  was  concluded  that  the  angle  did  not 
affect  to  the  compression  properties.  From  there 
results,  it  is  considered  that  the  specimen  was 
deformed  largely  in  die  first  compression  and  the 
structure  of  the  specimen  was  changed  into  more 
stable  state,  so  that  the  deformation  properties 
became  the  same  after  first  cycle. 
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3.2  Deformation  state 

Figure  5  is  the  typical  picture  of  cross  section 
for  the  specimen  before  and  after  compression. 
In  this  figure,  compression  direction  is  ups  and 
downs  and  the  fiber  bundles  on  the  same  track 
are  filled  with  same  pattern.  When  square  braided 
fabric  was  compressed,  the  size  was  down  in 
compression  direction  and  up  in  transverse  di¬ 
rection.  However,  the  deformation  to  the  trans¬ 
verse  direction  was  not  uniform,  the  center  of  the 
side  face  on  the  square  braided  fabric  deformed 
to  the  transverse  direction  more  than  the  comer 
edge  deformation  and  the  difference  was  defined 
as  A  t.  It  was  confirmed  the  shape  of  the  fiber 
bundles  were  changed,  however,  the  cross  sec¬ 
tion  of  the  each  fiber  bundles  did  not  vary  before 
and  after  compression. 

From  these  pictures  of  the  cross  section,  the 
centroid  of  the  fiber  bundles  was  calculated. 
Using  data  of  die  centroid  of  the  fiber  bundles, 
the  fiber  orientation  state  before  and  after  com¬ 
pression  was  investigated. 

First  the  crimp  ratio,  which  describes  the  de¬ 
gree  of  undulation  of  fiber  bundle,  was  defined  as 
shown  in  Fig.6.  The  crimp  ratio  was  calculated 
by  dividing  the  sum  of  the  length  l,~l„by  the 
length  L  between  G0  and  Gn,  that  is,  the  crimp 
ratio  is  die  ratio  of  length  of  fiber  bundle  to  the 
linear  distance  at  the  both  end.  In  the  case  of 
fiber  bundle  b,  there  was  no  difference  in  the  crimp 
ratio  between  before  and  after  compression  (from 
1 .11  to  1 .14).  Whereas,  crimp  ratio  increased  in 
fiber  bundle  a  after  compression  (from  1 . 14  to 
1.23). 

Next,  braiding  angle  was  investigated.  Fig.7 
is  the  schematic  drawing  of  fiber  orientation  to 
consider  the  projected  braiding  angle  on  the  X-Z 
and  Y-Z  plane.  In  this  figure,  longitudinal  direc¬ 
tion  of  braided  fabric  is  Z  direction,  and  the  com¬ 
pression  direction  is  Y  direction.  Q  K  and  6 
were  defined  as  the  angle  between  Z  direction 
and  fiber  bundle  projected  on  X-Z  and  Y-Z  plane 
respectively.  These  angles  before  and  after 
compression  were  shown  also  in  Fig.7.  0raand 
6  ^  of  fiber  bundle  ‘a’  before  compression  were 


Compression  _ _ a _ I 

. ratio . Initial  thickness  | 

Fig.3  Relationship  between  compression 
ratio  and  compression  cycle. 


Fig.4  Relationship  between  reconstruction 
ratio  and  compression  cycle. 


Fig.5  Deformation  of  cross  section  for 
square  braided  composite. 
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Fig.7  Projected  braiding  angle. 


Fig.8  Deformation  mechanism. 

bigger  than  that  of  fiber  bundle  ‘b\  and  these  angle 
of ‘a’  and  ‘b’  became  almost  same  after  com¬ 
pression.  From  the  result,  since  die  different  braid¬ 
ing  angle  on  different  track  was  changed  into  the 
same  braiding  angle,  it  is  considered  that  the  fiber 
orientation  state  after  1  st  compression  was  stable 
condition  for  square  braided  fabric,  therefore,  the 
properties  after  1st  cycle  compression  were 
changed  and  then  conversed. 


4.  Discussion 

Figure  8  shows  the  possible  deformation  mecha¬ 
nism  projected  on  X-Y  plane  considered  with  all 
results.  Basically,  the  fiber  bundles  in  the  square 
braided  fabric  have  some  apparent  bending  parts 
on  X-Y  plane.  The  apparent  bending  parts  must 
appear  at  the  surface  of  square  braided  fabric.  In 
the  case  of  fiber  bundle  a,  the  fiber  bundle  is  com¬ 


posed  by  2  straight  lines  connecting  the  comers 
diagonally  and  there  are  little  exposed  at  the  cor¬ 
ners.  On  the  other  hand,  in  the  case  of  fiber  bundle 
‘b’,  they  have  some  apparent  bending  parts  on 
X-Y  plane  as  shown  in  this  figure  with  w,  and  w2. 

After  compression,  the  angle  (X  and  $  of  fi¬ 
ber  bundle  and  thickness  of  the  specimen  de¬ 
creased.  In  the  case  of  fiber  bundle  a,  the  change 
in  angle  a  was  dominant.  Whereas  in  the  case  of 
fiber  bundle  b,  the  width  of  apparent  bending  part 
was  also  changed  in  addition  to  change  in  angle 
$ .  The  apparent  bending  part  w,  was  increased 
because  this  part  was  contacted  with  compres¬ 
sive  plates,  on  the  other  hand,  the  part  w,  on  the 
side  of  the  specimen  was  decreased  because  this 
part  was  pushed  out  on  the  free  side  of  specimen 
by  compression. 

This  mechanism  can  explain  the  change  in  the 
crimp  ratio.  Normally,  the  crimp  ratio  would  be 
larger  after  compression,  however,  in  the  case  of 
fiber  bundle  b,  the  fiber  bundle  could  deform  with¬ 
out  restriction  on  the  free  surface.  From  this 
mechanism  and  the  fact  that  the  angle  a  is  equal 
to  jS  and  the  angle  a  ’  is  equal  to  $  ’,  it  was 
thought  that  there  was  a  distance  A  t  between  ‘a’ 
and  ‘b’  fiber  bundle  as  described  in  Fig.5. 

Consequently,  the  square  braided  fabric  could 
deform  to  stable  fiber  orientation  after  first  com¬ 
pression,  and  kept  same  fiber  orientation  under 
more  cyclic  compressive  loading.  The  difference 
in  braiding  angle  before  compression  was  normal¬ 
ized  into  same  braiding  angle  after  compression. 
With  stable  fiber  orientation,  the  dimension  and 
compressive  properties  was  not  also  changed. 

To  protect  the  flowing  away  of  the  fluid  from 
the  cover  plate  and  pillow  block  of  the  bulb,  pump 
and  so  on,  grand  packing  has  been  well  used.  Here, 
the  deformation  behavior  of  the  grand  packing 
subjected  to  cyclic  compression  loading  is  impor¬ 
tant  factor  which  dominate  the  capability.  These 
results  in  this  study  indicated  that  the  square 
braided  fabric  appropriate  for  the  usage  as  the 
grand  packing  which  is  subjected  to  cyclic  com¬ 
pressive  loading. 
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Abstract 

New  types  of  weft  knitted  fabrics  were 
produced  by  modifying  the  knitting  process. 
The  tensile  properties  of  these  knitted  fabric 
composites  were  investigated  with  different 
types  of  fibres  and  matrices.  The  degree  of 
anisotropy  in  the  tensile  properties  is 
influenced  by  the  fibre  orientation,  which  is 
related  to  the  knitted  structure.  The  impact 
properties  of  these  knitted  fabric  composites 
are  also  investigated  under  low  velocity 
impact  loads.  The  impact  damage  is  mainly 
flexural  failure  and  no  delamination  was 
observed. 

Key  Words:  Textile  fabric  composites, 
Mechanical  Properties,  Impact  Failure. 

Introduction 

In  the  last  decade,  the  mechanical 
properties  of  weft  and  warp  knitted  fabric 
composites  have  widely  been  investigated.1'6 
The  in-plane  mechanical  properties  of 
knitted  fabric  composites  were  reported  to 
be  lower  than  braided  and  woven  fabric 
composites.  These  are  due  to  a  lower  fibre 
volume  fraction,  the  almost  random  fibre 
orientations,  and  for  aramid  fibres  the  weak 
interface. 

In  conjunction  with  the  progress  of 
computer  applications  in  the  knitting 
technology,  many  “exotic”  knitted  fabrics 
have  been  introduced  recently.  The  new 


knitted  fabrics  are  expected  to  have  more 
dimensional  stability  without  decreasing  a 
lot  of  their  conformability  and  to  have 
higher  mechanical  properties.  The  aims  of 
this  paper  are  to  investigate  the  tensile 
properties  of  new  weft  knitted  fabric 
composites  and  their  impact  properties. 
Glass,  aramid  and  carbon  fibres  were  used. 
Thermoset  (Epoxy)  and  thermoplastic 
(polypropylene)  matrices  were  used  to 
impregnate  knitted  fabrics.  The  tensile 
properties  of  knitted  fabric  composites  with 
thermoset  as  matrix  are  compared  to  the 
tensile  properties  of  woven  fabric 
composites.  Moreover,  the  tensile  properties 
of  knitted  fabric  composites  with 
thermoplastic  as  matrix  are  compared  to  the 
tensile  properties  of  randomly  glass  fibre 
mat/polypropylene  composites. 

Experimental 

All  weft  knitted  fabrics  were 
supplied  by  the  Flemish  company 
VERDONCK-WINDHEY.  Plain  weave 
fabrics  coded  as  R/420  were  supplied  by 
another  Flemish  company  SYNCOGLAS. 
The  knitted  fabrics  and  woven  fabrics  were 
laid  up  with  epoxy  films  F533,  supplied  by 
HEXCEL.  Afterwards,  the  textile  pre-pregs 
were  cured  in  an  autoclave  with  a  pressure 
of  3  Bar  and  a  curing  temperature  of  125  °C 
for  2  hours. 

For  the  thermoplastic  composites, 
knitted  fabrics  are  made  out  of  commingled 
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yams.  The  knitted  fabrics  are  then  heated  in 
a  hot  press  with  a  pressure  of  20  bar  and  a 
temperature  of  200  °C  (polypropylene 
matrix)  or  220  °C  (polyamide  matrix)  for  5 
minutes.  Then,  they  are  cooled  to  100  °C 
with  a  cooling  rate  of  -  6  °C/min. 

Tensile  tests  were  carried  out  on  an 
Instron  4505  installed  with  hydraulic  grips. 
The  tensile  specimen  dimensions  were  210 
mm  by  2.5  mm.  The  gage  length  was  150 
mm.  An  extensometer  with  a  gauge  length 
of  50  mm  was  attached  to  the  specimens. 

The  impact  properties  of  knitted 
fabric  composites  are  evaluated  under  low 
velocity  impact  loads.  The  impact  specimens 
were  sandwiched  in  between  two  plate 
support  fixtures  using  a  tie-down  bolt  near 
each  comer  of  the  opening.  In  this  impact 
investigation,  the  incident  kinetic  energy 
(IKE)  was  3,  5,  and  7  Joule/mm  thickness. 
The  composite  thickness  is  about  3  mm. 
Impact  damage  assessment  was  performed 
by  using  ultrasonic  C-scan  and  Tomography. 

Results  and  Discussion 

1.  Tensile  properties 

1.1.  Glass  -  epoxy  composites 

With  similar  process  conditions,  the 
fibre  volume  fraction  of  knitted  fabric 
composites  (about  30  %)  is  much  lower  than 
the  fibre  volume  fraction  of  plain  weave 
fabric  composites  (between  50  and  55%). 
Higher  fibre  volume  fractions  of  knitted 
fabric  composites  may  be  achieved  by 
applying  higher  pressure.  The  fibre  volume 
fraction  was  determined  by  burning  the 
matrix. 

In  the  weft  knitted  structure,  fibres 
are  more  oriented  in  the  wale  direction  than 
in  the  course  direction.  Therefore,  the 
highest  tensile  properties  appear  at  the  wale 
direction  and  the  lowest  properties  at  the 
course  direction.  Regardless  the  values  of 
the  fibre  volume  fraction,  the  mechanical 
properties  of  knitted  fabric  composites  were 
compared  to  the  mechanical  properties  of 
woven  fabric  composites.  It  is  seen  that  the 


mechanical  properties  of  knitted  fabric 
composites  were  not  always  lower  than  the 
mechanical  properties  of  woven  fabric 
composites.  The  mechanical  properties  of 
double  rib  knitted  fabric  composites  in  the 
wale  direction  such  as  tensile  stiffness  and 
tensile  strength  properties  arc  higher  than 
the  tensile  stiffness  and  the  tensile  strength 
of  woven  fabric  composites  in  the  bias  (45°) 
direction.  Figure  1  shows  the  polar  tensile 
curves  of  the  investigated  composites. 
Double-rib  knitted  fabric  composites  show 
the  highest  tensile  properties  and  the  highest 
degree  of  anisotropy.  However,  milano 
knitted  fabric  composites  have  the  lowest 
tensile  properties  and  the  lowest  degree  of 
anisotropy. 


Fig.l  Polar  Strength  diagram  of  knitted 
fabric  composites  compared  to 
woven  fabric  composites 


1.2.Aramid-and  carbon-epoxy  composites 

For  aramid  and  carbon  knitted  fabric 
composites,  the  mechanical  properties  were 
much  lower  than  what  is  expected  as  shown 
in  figure  2.  The  mechanical  properties  of 
both  carbon  and  aramid  knitted  fabric 
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composites  were  expected  to  be  anisotropic 
like  the  mechanical  properties  of  E-glass 
knitted  fabric  composites,  whose  highest 
properties  are  in  the  wale  direction  and  the 
lowest  properties  in  the  course  direction. 
However,  the  mechanical  properties  of 
carbon  and  aramid  knitted  fabric  composites 
are  almost  similar  in  both  wale  and  course 
directions.  Moreover,  they  are  lower 
compared  to  the  mechanical  properties  of  E- 
glass  knitted  fabric  composites. 


Fig.2  Strength  properties  of  aramid  and 
carbon  composites 

The  low  properties  can  be  due  to 
surface  damage  on  fibres  and  bad  interface 
properties.  During  the  knitting  process, 
fibres  were  subjected  to  external  loads  like 
tension,  compression,  shear,  and  friction 
loads.  Those  loads  may  generate  surface 
damage  on  the  fibres. 

The  low  tensile  properties  are  also 
influenced  by  the  low  transversal  properties 
of  carbon  and  aramid  fibres.  As  in  knitted 
fabric  composites  a  wide  fibre  orientation 
distribution  is  found,  the  tensile  properties 
are  very  much  influenced  by  the  low  values 
of  the  transverse  and  shear  stiffness  and 
strength  of  the  impregnated  yams. 

At  the  final  failure,  a  smooth  fibre 
surface  and  smooth  fibre  print  on  the  matrix 
indicated  that  the  interface  properties  of 
aramid  composites  are  very  poor. 


1.3.  Glass  -  thermoplastic  composites 

Figure  3  shows  a  comparison  of  the 
mechanical  properties  of  thermoplastic 
knitted  fabric  composites  with  the 
mechanical  properties  of  GMT  E-glass- 
polypropylene  that  are  reported  by  Lee.7  The 
fibre  volume  fraction  of  knitted  fabric 
composites  is  about  40  %,  whereas  the  fibre 
volume  fraction  of  the  GMT  E-glass- 
polypropylene  is  selected  at  30%.  The 
mechanical  properties  of  knitted  fabric 
composites  are  higher  in  the  wale  direction, 
but  lower  in  the  course  direction.  For 
composites  with  polyamide  as  matrix,  their 
mechanical  properties  are  higher  in  both 
directions  compared  to  composites  with 
polypropylene  as  matrix. 


Fig.3  Strength  properties  of  thermoplastic 

knitted  fabric  composites 

2.  Impact  properties: 

Knitted  fabric  composites  will  fail  in 
the  flexural  mode  (either  tensile  fracture  or 
compressive  buckling),  because  the  complex 
fibre  structure  makes  knitted  fabric 
composites  have  a  very  high  interlaminar 
fracture  toughness,  both  in  mode  I  or  mode 
II.  The  nature  of  tensile  failure  in  the 
impacted  specimens  is  strongly  related  to  the 
static  tensile  properties.  In  general,  cracks 
caused  during  impact  load  are  perpendicular 
to  the  direction  of  the  weakest  tensile 
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properties.  For  weft  knitted  fabric 
composites  with  a  higher  degree  of 
anisotropy  like  double  rib,  these  cracks  are 
more  located  in  the  wale  direction  as  shown 
in  figure  4. 


Fig.4  Rib  knitted  composites  :a)  Ultra¬ 
sonic  C-scan  and  b)  Tomography 

For  milano  weft  knitted  fabric 
composites  with  a  lower  degree  of 
anisotropy,  cracks  are  more  distributed  as 
shown  in  figure  5. 


Fig.5  Milano  knitted  composites  :a)  Ultra¬ 
sonic  C-scan  and  b)  Tomography 


Conclusions 

The  mechanical  properties  of  weft 
knitted  fabric  composites  were  investigated. 
For  carbon  and  aramid  knitted  fabric 
composites,  the  tensile  properties  are  lower 
than  what  is  expected.  This  is  due  to  surface 
defects  on  the  fibres  and  poor  interfacial 
properties.  The  nature  of  impact  damage  is 
correlated  to  the  degree  of  anisotropy  in  the 
tensile  properties. 
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Abstract 

Structure  of  knitted  fabric  is  that  unidirectional 
fiber  bundles  are  aligned  in  multi  direction  and 
linked  with  knitted  yam.  Therefore,  knitted  fab¬ 
ric  has  good  mechanical  properties  with  no  crimps 
and  need  low  cost  with  omission  of  the  stacking 
process.  In  this  study,  hybrid  knitted  fabric  com¬ 
posites  with  flexible  matrix  were  proposed.  The 
effects  of  flexible  matrix  layer  and  flexible  inter¬ 
phase  on  the  bending  properties  of  the  knitted 
fabric  composite  were  clarified. 

Key  words:  Knitted  fabric,  flexible  matrix  layer, 
flexiblematrix  interphase. 

Introduction 

Of  particular  interest  as  reinforcements  of  com¬ 
posites  is  the  use  of  warp  knitting  technology  for 
the  production  of  multi-axial  warp  knits  (we  de¬ 
scribe  as  knitted  fabric).  Knitted  fabrics  allow 
the  placement  of  warp,  weft,  and  off-axis  materi¬ 
als  directly  into  the  fabric  structure.  Moreover, 
in  addition  to  the  unidirectional  fiber  bundles, 
chopped  strand  mat  can  be  also  combined.  One 
of  the  most  attractive  features  of  this  type  of  fab¬ 


ric  is  the  ability  to  combine  multiple  layers  of  ori¬ 
ented  yam  in  a  single  structure.  Structure  of  knit¬ 
ted  fabric  is  that  unidirectional  fiber  bundles  are 
aligned  in  multi  direction  and  linked  with  knitted 
yam.  Therefore,  knitted  fabric  has  good  me¬ 
chanical  properties  with  no  crimps  and  need  low 
cost  with  omission  of  the  stacking  process. 

In  previous  study,  we  have  fabricated  knitted 
fabric  composites  with  commercial  unsaturated 
polyester  resin  and  investigated  the  basic  me¬ 
chanical  properties  such  as  tensile,  bending  and 
lap  joint  property(l).  In  this  study,  in  order  to 
apply  the  knitted  fabric  composites  to  wide-range 
of  usage,  hybrid  knitted  fabric  composites  were 
proposed.  This  hybrid  was  defined  as  a  usage  of 
more  than  2  kinds  of  materials  for  not  only  fiber 
and  matrix  and  but  also  interface.  Here,  the  ter¬ 
minology  of  hybrid  fiber  and  hybrid  matrix  has 
already  been  used,  whereas  we  proposed  the 
terminology  of  hybrid  interphase.  In  this  study, 
the  hybrid  matrix  and  hybrid  interphase  were  ex¬ 
amined. 

Knitted  fabric  composites  with  hybrid  matrix 
layers  of  different  properties  were  fabricated  by 
usingflexibleresin.  Thechemicalstructureofused 
matrix  was  same;  modified  resins  were  used.  We 
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have  also  developed  the  fiber  reinforced  com¬ 
posite  materials  with  more  flexible  interphase  than 
matrix  resin(2-3).  In  the  case  of  unidirectional 
fiber  reinforced  composite,  woven  fabric  com¬ 
posite  and  braided  fabric  composites,  we  have 
succeeded  in  increasing  the  static  and  dynamic 
properties  by  the  flexible  interphase.  The  con¬ 
cept  of  flexible  interphase  was  applied  to  knitted 
fabric  composites.  For  these  hybrid  knitted  fab¬ 
ric  composites,  the  bending  properties  were  in¬ 
vestigated. 

Materials  and  Specimen 

Knitted  fabric  used  in  this  study  as  reinforce¬ 
ments  is  shown  in  Fig.  1 .  Structure  of  the  knitted 
fabric  is  that  unidirectional  fiber  bundles  are 
aligned  in  0  and  90  direction  and  linked  with  knit¬ 
ted  yam.  Vinylester  (R806,  Showa  high  polymer 
Co.,  Ltd.)  and  unsaturated  polyester  (FK2000, 
Showa  high  polymer  Co.,  Ltd.)  were  used  as 
matrix  resin.  Compared  with  R806,  FK2000  can 
be  defined  as  flexible  resin  because  they  have 
lower  modulus  and  higher  ultimate  strain.  For 
the  fabrication  of  flexible  interphasc,  alkyd  of  un¬ 
saturated  polyester  resin  was  also  used. 

In  this  study,  7  kinds  of  specimen  as  shown  in 
Table  1  were  fabricated  with  the  above-men¬ 
tioned  materials.  For  the  bending  test,  the  knit- 
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Fig.l  Knitted  fabric. 

ted  fabric  was  laminated  with  4  layers  and  the 
first  character  of  the  stacking  sequence  means 
compression  side.  Each  stacking  sequence  was 
described  with  H,  F,  Fil,  Fi2;  H  is  layer  with 
R806  as  matrix,  F  is  flexible  matrix  layer  with 
FK2000  and  Fil  is  flexible  interphase  layer  with 
alkyd  of  FK200  as  interphase  and  R806  as  ma¬ 
trix.  Fi2  is  flexible  interphase  layer  with  FK200 
as  interphasc  and  R806  as  matrix.  In  the  case  of 
Fi2  without  alkyd,  inside  of  fiber  bundle  would 
be  filled  with  flexible  resin. 

Experimental  results 
Fracture  aspects 

Schematic  drawing  of  the  fracture  aspects  for 
bending  test  can  be  described  with  Fig.2.  In 
specimen  H,  first  the  matrix  crack  occurred  at 
the  external  layer  (CD),  then  the  crack  pro¬ 
gressed  to  the  second  layer  with  increase  in  load 


Table  1  Types  of  specimen. 


H 

F 

F-t 

F-c 

Fil 

Fil-t 

Fi2-t 

Stacking  scqucncy 

HHHH 

FFFF 

FHHH 

HHHF 

FiiFiiFnFii 

F.iHHH 

FaHHH 

Young’s  Modulus  (GPa) 

20.8 

9.8 

16.8 

17.5 

20.3 

21.3 

18.4 

Initial  fracture  stress  (MPa) 

260 

- 

190 

186 

260 

258 

301 

Maximum  strcss(MPa) 

603 

100 

595 

409 

543 

571 

507 

722 


a 


((2)).  The  final  fracture  occurred  because  of  the 
buckling  on  longitudinal  fiber  bundle  at  the  com¬ 
pression  side  ((D),  and  of  the  fracture  of  the  lon¬ 
gitudinal  fiber  bundle  at  the  tensile  side  (0).  In 
specimen  F  with  flexible  layer  for  all  layers,  only 
the  buckling  of  fiber  bundle  (H-(D)  occurred  in 
external  layer  at  compression  side,  that  is  ultimate 
fracture  of  specimen. 

The  specimens  with  flexible  matrix  layer  at  the 
compression  side  (F-c)  exhibited  the  fracture 
progress  as  same  as  specimen  H  (H-®-®- * 
(D-®).  In  the  case  of  the  specimen  with  flex¬ 
ible  matrix  layer  at  the  tensile  layer  (F-t),  the  oc¬ 
currence  of  the  matrix  crack  at  the  external  layer 
was  prevented  and  matrix  crack  occurred  in  the 
second  layer  at  tensile  side  ((D). 

The  specimens  with  flexible  interphase  layer  at 
the  tensile  side  (Fil-t)  also  exhibited  the  fracture 
progress  as  same  as  specimen  H.  At  the  in-situ 
observation  with  CCD  camera,  it  could  be  ob¬ 
served  that  the  brittle  crack  propagation  at  the 
tensile  side  (®)  was  restrained.  In  the  speci¬ 
mens  with  fiber  bundle  filled  with  flexible  resin  at 
the  tensile  side  (Fi2-t),  the  occurrence  of  the  matrix 
crack  at  the  external  layer  was  prevented  and 
matrix  crack  occurred  in  the  resin  rich  region  of 
second  layer  at  tensile  side  ((D). 

Bending  properties 

Figure  3  shows  the  typical  stress  -  deflection 
curves.  The  specimens  with  flexible  matrix  or  in¬ 
terphase  layer  at  the  tensile  side  exhibited  rela¬ 
tively  elastic  linear  behavior  as  specimen  H. 
Whereas,  The  specimens  with  flexible  matrix  layer 
at  the  compression  side  (F-c),  decrement  in  slope 
of  the  stress-deflection  curve  occurred  at  the  small 
strain.  The  bending  modulus  and  strength  were 
shown  in  Table  1. 


© ®  © 
H  F-t 


Fil-t  Fi2-t 

Fig.2  Fracture  aspect  of  bending  specimen. 


Fig.3  Stress-deflection  curves  of 
bending  specimens. 

Figure  4  shows  the  bending  modulus  divided 
by  the  modulus  of  specimen  H.  The  specimen 
with  flexible  matrix  layer  showed  lower  modulus 
than  specimen  H,  whereas  the  specimen  with  flex¬ 
ible  interphase  layer  showed  almost  same  modu¬ 
lus  as  specimen  H 

Figure  5  shows  initial  fracture  stress  divided  by 
those  of  specimen  H.  Here.  Initial  fracture  stress 
means  the  stress  at  which  initial  fracture  occurred. 
The  specimen  with  flexible  interphase  layer 
showed  higher  value  than  specimen  H. 
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Figure  6  shows  bending  strength  divided  by 
those  of  specimen  H.  The  specimen  with  flexible 
matrix  layer  at  the  tensile  layer  (F-t)  and  the  speci¬ 
men  with  flexible  interphase  layer  (Fil-t)  exhib¬ 
ited  almost  same  value  as  specimen  H. 

Figure  7  shows  the  relation  between  bending 
strength  and  the  modulus.  Comparing  with  speci¬ 
men  H  and  F-t,  although  the  modulus  was  de¬ 
creased,  the  strength  kept  same  value.  In  the  case 
of  Fil-t,  the  modulus  was  increased  in  addition 
that  strength  kept  same  value.  Therefore,  with  flex¬ 
ible  interphase  layer  or  flexible  matrix  layer,  mate¬ 
rial  design  would  be  achieved  to  satisfy  the  re¬ 
quired  mechanical  properties. 

Conclusion 

In  this  study,  hybrid  knitted  fabric  composites 
with  flexible  matrix  layer  and  flexible  interphase 
layer  were  fabricated  and  bending  properties  were 
examined.  As  a  results,  it  was  confirmed  that  the 
knitted  fabric  composites  with  various  mechanical 
properties  could  be  designed  with  flexible  matrix. 
As  a  future  work,  the  dynamic  properties  such  as 
impact  testing  will  be  investigated  for  the  applica¬ 
tion  of  hybrid  knitted  fabric  composites 
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Fig.5  Ratio  of  initial  fracture  stress. 


Fig.6  Ratio  of  bending  strength. 


Fig.7  Relation  between  bending  strength 
and  Young’s  modulus. 
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Abstract 

A  finite  element  mesh  superposition 
method  is  applied  to  the  damage  propagation 
analysis  of  woven  fabric  composite  materials 
under  three-point  bending.  The  microscopic 
heterogeneity  consisting  of  fiber  bundles  and 
matrix  resin  is  considered.  The  disorder  of 
the  lamination  is  also  considered,  which 
results  in  the  loss  of  periodicity.  Under 
bending  condition,  the  damageoccurs  locally, 
which  also  restricts  the  usage  of  the 
homogenized  material  model.  To  this  end, 
the  finite  element  mesh  superposition 
method  is  adopted  to  analyze  the  local  and 
microscopic  damage  propagation 
considering  the  micro-macro  coupling  effect. 

Key  Words:  Finite  element  method. 
Heterogeneity,  Woven  fabric  composite 
material,  Damage 

Introduction 

Since  after  the  series  of 
micromechanical  studies  of  composite 
materials  considering  the  microscopic 
heterogeneity,  a  new  multi-scale  analysis 
using  the  homogenization  method  has  been  a 
matter  of  concern  in  the  last  decade. 
However,  such  micro-macro  coupled 
analysis  using  the  homogenization  procedure 
is  not  strictly  applicable  to  the  evaluation  of 
damage  or  fracture  because  the  periodicity 


condition  is  not  satisfied.  Moreover,  the 
homogenized  material  model  can’t  be 
applied  to  a  region  under  high  strain  gradient. 
To  this  end,  the  conventional  micro-macro 
coupled  method  is  not  useful  to  the 
evaluation  of  damage. 

To  solve  this  problem,  a  finite 
element  mesh  superposition  method  is 
applied  to  the  local  damage  propagation  of 
woven  fabric  composite  material  under 
three-point  bending.  The  microscopic 
heterogeneity  consisting  of  fiber  bundles  and 
matrix  resin  is  considered.  The  disorder  of 
the  lamination  is  also  considered,  which 
results  in  the  loss  of  periodicity.  Under 
bending  condition,  the  damage  occurs  locally, 
which  also  restricts  the  usage  of  the 
homogenized  material  model.  On  the 
contrary,  the  local  heterogeneity  due  to  the 
disorder  of  lamination  and  the  damage  is 
modeled  directly  in  the  local  mesh.  To  bridge 
the  gap  between  the  local  and  microscopic 
heterogeneity  and  the  global  structure,  the 
homogenized  model  is  still  used  in  the  global 
mesh.  The  local  mesh  can  be  superimposed 
onto  the  global  mesh.  Consequently,  the  local 
and  microscopic  heterogeneity  can  be  studied 
in  the  framework  of  the  multi-scale  analysis. 

Finite  Element  Mesh  Superposition 
Method 

The  original  idea  of  the  finite  element 
mesh  superposition  method  was  presented  by 
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Fish  [1]  in  the  series  of  research  works  on  the 
adaptive  finite  clement  method.  That  is,  the 
refinement  of  mesh  was  available  in  more 
practical  way  than  the  conventional  zooming 
technique  or  h-method.  The  authors  have 
applied  it  to  the  modelling  of  local  and 
microscopic  heterogeneity  of  various 
composite  materials. 

Two  kinds  of  finite  element  meshes 
are  used;  the  one  is  the  global  mesh  and  the 
other  is  the  local  mesh.  The  global  mesh  is 
used  to  model  the  global  structure  and  to 
analyze  the  global  behavior.  The 
homogenized  material  model  is  applied  to  the 
global  mesh  based  on  the  microscopic  and 
periodic  heterogeneity.  On  the  other  hand, 
the  local  mesh  is  used  to  model  the  local 
heterogeneity  such  as  the  crack,  void, 
inclusion,  interface  etc.  Because  such  local 
heterogeneity  can  be  replaced  by  the 
homogenized  model,  it  is  not  considered  in 
the  global  mesh.  Then,  by  superimposing  the 
local  mesh  onto  the  global  mesh  as  shown  in 
Fig.l,  both  the  micro-macro  coupling 
behavior  and  the  local  heterogeneity  is 
considered.  The  concept  of  the  global  and 
local  heterogeneity  and  the  modified 
formulation  was  proposed  in  Ref.  [2].  The 
accuracy  was  verified  in  case  of  mesh 
refinement  [3,4].  The  verification  for  the 
local  heterogeneity  was  shown  in  [5]  for  a 
dissimilar  inclusion,  and  in  [6]  for  a  crack 
problem.  The  applicability  to  an  interface 
problem  was  reported  in  [7,8].  The 
fundamental  study  on  the  microscopic  stress 
analysis  under  bending  was  reported  in  [8]. 


Fig.l  Superposition  oflocal  mesh  onto 
global  mesh. 


Bending  Analysis  of  Woven  Fabric 
Composite  Materials 

We  can  find  many  literatures  which 
study  the  micromcchanical  inplanc 
behaviors  of  woven  fabric  composite 
materials  considering  the  woven  architecture. 
However,  no  numerical  study  can  be  found 
on  the  bending  analysis.  In  addition,  the 
effect  of  the  disorder  of  lamination  on  the 
damage  propagation  under  bending  has  never 
been  analyzed  within  the  framework  of  the 
homogenized  modelling.  The  local  and 
microscopic  heterogeneity  considered  in  this 
study  is  illustrated  in  Fig.  2. 


Fig.  2  Local  and  microscopic 
heterogeneity  in  woven  fabric  composite. 

The  above-mentioned  heterogeneity 
is  considered  only  in  the  local  mesh,  while 
the  global  mesh  is  used  to  analyze  the  global 
behavior  based  on  the  homogenized 
modelling.  Fig.  3  shows  the  global  and  local 
meshes.  Note  that  the  local  mesh  occupies 
the  region  from  the  bottom  surface  to  almost 
the  neutral  axis,  which  results  in  the 
non-uniform  field  in  the  local  region.  In 
addition,  the  disorder  of  the  lamination  is 
considered  in  the  local  mesh.  Because  it 
affects  less  to  the  global  behavior,  the 
homogenized  model  takes  only  the  basic 
woven  architecture  into  account  as  shown  in 
Fig.  4.  The  dimensions  are  shown  in  Fig.  5. 

The  effect  of  the  local  damage  on 
both  the  global  and  local  behaviors  is 
important.  The  formulation  of  the  finite 
element  mesh  superposition  method  [2,5] 
tells  that  it  can  well  consider  that  effect.  The 
maximum  stress  criterion  is  used  to  judge  the 
occurrence  of  damage  after  Ref.  [9].  Once  the 
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Fig.  3  Global  and 

damage  occurs,  the  degradation  of  the 
stiffness  is  considered  by  the  reduction 
factors  according  to  the  damage  mode  [9]. 

The  prescribed  displacement  was 
applied  to  simulate  the  three-point  bending 
test.  Fig.  6  shows  the  relation  between  the 
load  and  displacement.  A  sequential  linear 
analyses  were  carried  out  to  simulate  the 
nonlinear  behaviors.  At  the  loading  levels  A 
and  B,  the  stress  distribution  in  the  local 
mesh  is  shown  in  Fig.  7  (a)  and  (b), 
respetively.  The  stress  distribution  is  not 
symmetric  due  to  the  disorder  of  the 
lamination. 


local  meshes. 


Fig.  5  Dimensions  of  the  microscopic 
heterogeneity. 


Fig.  4  Unit  woven  structure  to  represent 
the  global  heterogeneity  for 
homogenization. 


Discussion  and  Concluding  Remarks 

The  advantages  of  the  finite  element 
mesh  superposition  method  were  recognized 
on  the  following  point; 

(1)  The  disorder  of  the  lamination  is  the  local 
heterogeneity,  which  can’t  be  replaced  by 
the  homogenized  model.  The  finite 
element  mesh  superposition  method 
could  consider  its  effect  on  the  damage 
propagation. 
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Displacement,  <5  (mm 


Fig.  6  Load  and  displacement  curve. 


(a)  At  load  level  A 


(b)  At  load  level  B 

Fig.  7  Stress  distribution  in  local  region 

(2)  Under  bending  condition,  the 
(macroscopic)  strain  field  is  non-uniform 
in  the  local  region,  which  violates  the 
assumption  of  the  periodicity  for  the  use 
of  the  homogenized  model.  The  finite 
element  mesh  superposition  method 
could  be  applied  to  this  kind  of  problem. 

(3)  Once  the  damage  occurs,  the  assumption 


of  the  periodicity  is  lost,  which  means  the 
homogenized  model  can’t  be  used.  The 
finite  element  mesh  superposition 
method  could  directly  model  the  locally 
damaged  situation. 

On  the  contrary,  some  future  works  were 
recognized.  In  this  analysis,  the  local  region 
to  be  analyzed  was  too  small  to  study  the 
damage  propagation.  The  application  of  the 
finite  element  mesh  superposition  method  to 
the  nonlinear  problem  should  be  studied 
further  by  exploring  the  incremental 
formulation  of  this  method.  Also,  there  may 
be  some  other  problems  in  the 
three-dimensional  analysis  by  this  method, 
such  as  the  large-scale  analysis  capability. 
They  should  be  also  the  future  works. 

In  conclusion,  the  advantages  of  the  finite 
element  method  can  supplement  the 
limitations  of  the  homogenized  modelling. 
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Abstract 

A  new  methodology  of  material 
modeling  is  developed  to  analyze  the  com¬ 
plex  mechanical  behavior  of  plain-weave 
fabrics.  The  deformation  of  the  fabrics  is 
categorized  into  three  kinds  of  thread  defor¬ 
mation,  that  is,  skewing,  straightening  and 
extension  under  the  assumption  of  null  fric¬ 
tion  and  null  flexural  rigidity  concerning 
with  threads.  We  introduce  a  new  strain- 
displacement  relationship  instead  of  the  con¬ 
ventional  method  for  material  modeling  by 
the  constitutive  law.  By  this  strain- 
displacement  relationship,  the  deformation  of 
the  fabric  is  translated  as  the  axial  extension 
and  transverse  compression  of  the  threads. 
The  finite  element  is  derived  by  the  total 
Lagrangian  formulation,  and  solved  by  the 
Newton-Raphson  method. 

Key  Words:  Finite  Element  Method,  Total 
Lagrangian,  Discontinuity,  Fabrics 

Introduction 

Woven  fabrics  has  been  utilized  for 
membrane  or  composite  structural  members 
from  the  standpoint  of  high  specific  strength. 
However,  its  complicated  mechanical  be¬ 
havior  prevents  adequate  analysis  and  design 
of  woven  fabrics.  The  difficulty  is  mainly 
caused  by  the  microscopic  geometrical  non¬ 


linearity  arising  from  the  discontinuity 
among  threads.  In  other  words,  the  woven 
fabric  is  not  the  continuum,  and  the  conven¬ 
tional  constitutive  modeling  is  no  longer 
available.  The  deformation  analysis  of  unit 
weave  structure[l-3]  in  the  context  of  the 
representative  volume  element  approach[4] 
is  practical  to  obtain  the  mechanical  property 
of  plain-weave  fabric,  but  its  applicability  is 
limited  to  the  primitive  type  of  deformation 
such  as  extension  along  the  warp  or  weft. 

In  this  study,  we  newly  introduce  the 
crimp  parameter  indicating  the  crimp  condi¬ 
tion  of  warp  and  weft  to  describe  the  three- 
dimensional  thread  rotation  in  in-plane 
problem,  and  define  a  new  strain- 
displacement  relationship  suitable  for  the 
deformation  mechanism  of  the  plain-weave 
fabrics.  Owing  to  this  strain-displacement 
relationship,  we  constitute  a  new  model  by 
the  continuum-like  manner,  and  name  it 
pseudo-continuum  model.  Use  is  made  of  the 
total  Lagrangian  formulation[5]  to  derive  the 
finite  element  for  the  pseudo-continuum 
model.  The  numerical  examples  concerning 
the  uniaxial  tensile  tests  of  plain-weave  fab¬ 
ric  demonstrate  the  validity  of  the  proposed 
model. 

Pseudo-Continuum  Model 
Problem  Description 

Under  in-plane  extension  without  wrinkling. 


729 


the  plain-weave  fabric  undergoes  three  types 
of  thread  deformation,  that  is,  skewing, 
straightening  and  extension[l]  as  shown  in 
Fig.l.  The  skewing  illustrated  in  Fig.  1(a) 
means  in-plane  rotation  of  the  thread,  and  the 
straightening  in  Fig.  1(b)  means  anti-plane 
one.  The  extension  illustrated  in  Fig.  1(c)  is 
the  elastic  elongation  of  the  thread  itself, 
whereas  the  elastic  bending  and  shearing  are 
neglected  under  the  assumption  of  null  flex¬ 
ural  rigidity  and  null  friction. 

The  warp  and  weft  are  made  of  an 
orthotropic  and  linear  elastic  material,  and 
woven  uniformly  with  orthogonal  configura¬ 
tion.  The  weave  is  sufficiently  dense  and  fine. 
We  set  coordinates  so  as  to  make  <^r 
axis  indicate  the  weft  direction,  and  denote 
the  global  Cartesian  coordinates  by  x,-x2.  The 
inclination  angle  of  weft  from  x, -direction  is 
denoted  by  6.  Hereafter,  the  variables  con¬ 
cerning  the  weft  and  warp  are  denoted  by  the 
suffix  1  and  2,  respectively. 

We  set  unit  weave  as  the  square  of 
four  cross-over  points  between  warp  and 
weft.  Figure  2  shows  the  detailed  configura¬ 
tion  of  the  unit  weave  structure  in  which  the 
cross-over  point  is  indicated  by  the  solid  cir- 


(a)  (b)  (c) 

Fig.l  Specific  deformation  types 


Fig.2  Unit  weave  structure 


cle.  The  central  thickness  of  thread  is  denoted 
by  dt,  and  the  wave-length  and  wave  height 
of  the  crimp  2 pt  and  ht,  respectively.  The 
wave  between  the  cross-over  points  corre¬ 
sponding  to  the  half  wave-length  is  approxi¬ 
mately  modified  by  a  straight  line,  and  its 
length  is  denoted  by  sr  The  values  in  initial 
undeformed  state  are  represented  by  the  up¬ 
per  tilde  O,  hereafter. 

Crimp  Parameter 

The  crimp  height  hi  and  the  central  thickness 
always  hold  the  relationship: 

h]+h2=dl+d2.  (1) 

ht  varies  in  the  order  of  finite  displacement, 
whereas  d{  decreases  in  the  order  of  infinite¬ 
simal  strain.  We  assume  di  constant,  and  in¬ 
troduce  a  nondimensional  parameter  p 
(0<p<\)  named  crimp  parameter  for  the 
parametric  expression  of  the  crimp  heights  of 
both  threads  by 

\hl=p(dl+d2) 

\h2=(\-p)(di+d2y 

The  weft  is  completely  straightened  at  p  -  0 , 
and  the  warp  straightened  at  p  -  1 .  The 
crimp  parameter  is  dealt  with  as  a  component 
of  the  displacement  vector,  hereafter. 


Strain-Displacement  Relationship 

Figure  3  shows  schematic  deformation  of  the 
unit  weave  structure.  The  in-plane  relative 
rotation  angle  between  warp  and  weft  caused 
by  the  skewing  is  estimated  by  £=£,  +£2  as 
shown  in  Fig.3.  In  this  study,  £  is  approxi- 


Fig.3  Deformation  of  unit  weave  structure 
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mated  by  v,  2  +v21 ,  where  vu  represents  the 
displacement  gradient  9 vjd^j . 

The  skewing  and  straightening  yield 
the  variation  of  the  spacing  of  threads  from 
Pi  to  Pi  cos£  as  shown  in  Fig.3.  This  varia¬ 
tion  is  identical  with  the  in-plane  transverse 
compression  of  threads,  since  we  employ  null 
gap  assumption  between  threads.  The  trans¬ 
verse  compressive  strain  £Ci  is,  thus,  defined 
as 

£c\  =(p2-P2cosO/p2 


« 1-^(1+ v22)2  +  v22  -  1-I(v12  +  v21)2| 

£ci=(P\~Pi  cosO/a 


(3) 


“ l-^l+v, tl)2+v£,  jl-i(v,  2+v21)2  j.  (4) 

Considering  the  three-dimensional 
rotation  of  thread,  we  estimate  the  thread 
extension  in  terms  of  the  axial  tensile  strain 
e^i  defined  as 

£t,  =  (Sj  —  S, )/  j, 

=  ^|2(1  +  v,,,)2+^v2,i+^2  “I  (5) 


£T2  — (s2  Sl)!Sl 

=  >2 (I+V2.2)2  +ft2Vu  +r220-^)2  -1(6) 


where  0,  and  y/t  are  the  constants  obtained  by 
4>i=Pilsi>  ¥i=(dl+d2)/si.  (7) 

Although  the  above-mentioned 
strains  are  defined  in  the  sense  of  infinitesi¬ 
mal  strain,  they  are  equivalent  to  the  Green- 
Lagrange  strain  in  the  context  of  finite  rigid- 
body  rotation[5]. 


Constitutive  Law 

Young's  modulus  and  Poisson's  ratio  of  the 
threads  are  denoted  by  ET,  vT  in  the  axial 
direction,  and  Ec>  vc  in  the  transverse  direc¬ 
tion,  respectively.  The  plane  stress  state  is 
plausible  for  the  thread,  so  that  the  axial  ten¬ 
sile  stress  crT(  and  the  transverse  compressive 
stress  <7C|  are  expressed  by 


N 

1 

l-vTvc 

E, 

-vt£c 


vcEt 

Ec 


■  (8) 


These  stresses  are  equivalent  to  the  second 
Piola-Kirchhoff  stress.  crc,  have  to  be  non¬ 
negative,  since  it  is  caused  by  the  contact 
pressure  between  warp  and  weft.  If  crc/  ob¬ 
tained  by  Eq.(8)  becomes  negative,  the  con¬ 
stitutive  law  is  converted  to  that  of  uniaxial 
stress  state  represented  by 

<*Ti  =  Et£ Ti .  <*a  =  0 >  £c,  =  vTSTi  •  (9) 

Finite  Element  Formulation 

For  the  sake  of  notational  simplicity, 
the  stress  and  strain  vectors  are  defined  as 

{T}  =  {C7T1  <TC1  (TT2  Cc2}  (10) 

{/}  =  {/ti  7ci  /t2  7 Cl}  (11) 

where  the  superfix  T  represents  the  matrix 
transpose,  and  their  components  are  denoted 
by  r(  and  y,  respectively.  The  variables  used 
in  the  strain  calculation  are  denoted  by  K},  and 
its  vector  form  is  defined  as 

WSK,  vlt2  v2>]  v2i2  pf .  (12) 

In  order  to  deal  with  the  geometrical 
nonlinearity,  the  incremental  analysis  from 
the  time  t  to  t'-  t  +  At  is  carried  out.  Then, 
the  strain  is  approximated  in  the  second- 
order  in  the  vicinity  of  the  time  t,  and  ex¬ 
pressed  by  using  the  summation  convention 
as 

'Y,  =  +{  03) 

where  the  left  superfix  t  indicates  the  referred 
time,  %j  and  lSijk  are  the  first  and  second- 
order  derivatives  of  y  with  respect  to  Kp 
respectively.  In  case  of  null  body  force,  the 
principle  of  virtual  work  in  the  total 
Lagrangian  form  based  on  Eq.(13)  yields  the 
governing  equation  of  the  finite  element 
analysis: 

(i4) 

where  ['£]  is  the  tangent  stiffness  matrix, 
{ U }  the  nodal  velocity  vector  described  in 
the  global  coordinates  xf-x2,  {‘F]  the  nodal 
external  force  vector  and  {‘Q]  the  nodal  in¬ 
ternal  force  vector[5].  Use  is  made  of  the 
Newton-Raphson  iterative  procedure  based 
on  Eq.(14)  to  obtain  the  solution.  The  tangent 
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stiffness  [' K]  may  become  singular  from  lack 
of  the  stiffness  against  skewing.  A  numerical 
regularization  have  to  be  employed  to  cope 
with  such  kind  of  numerical  instability. 

Numerical  Example 

The  tensile  test  of  a  strip  of  plain- 
weave  fabric  shown  in  Fig.4  is  investigated. 
The  left  end  of  the  specimen  is  clamped,  and 
the  right  end  is  pulled  by  a  uniform  dis¬ 
placement.  The  material  property  of  threads 
is  characterized  as  ET  =  5.0GPa,  Ec  =  1  .OGPa, 
vT  =  0.3  and  vc  =  0.06.  The  structural 
parameters  of  the  plain-weave  fabric  are  set 
by  the  central  thickness  of  the  thread  dx-d2- 
0.14mm,  the  crimp  wave-length  2px-2p2- 
1 .90mm  and  the  crimp  height  /i,  =  0.1 8mm, 
h2  =  0. 1 0mm.  Then,  three  cases  are  set  for  the 
different  inclination  angles  of  weave,  that  is, 
0  =  0°,  45°  and  90°.  In  these  cases,  the  exten¬ 
sions  in  the  direction  of  weft,  bias  and  warp 
are  analyzed.  The  nine-node  element  is  em¬ 
ployed  for  the  finite  element  discretization 
shown  in  Fig.4,  and  the  numerical  integration 
is  carried  out  by  the  Gauss  quadrature. 

Figure  5  shows  the  obtained  load- 
displacement  curves.  The  load  and  displace- 


Fig.4  Specimen  under  uniaxial  loading 


Fig.  5  Load-displacement  curves 


Fig.6  Stress  distributions  along  clamped 
edge  for  0  =  45° 

ment  are  normalized  by  the  width  and  length 
of  the  specimen,  respectively.  The  stiffness 
in  weft  direction  becomes  slightly  lower  than 
that  in  warp  direction  by  the  difference  of 
crimp  height.  Extremely  low  stiffness  and 
highly  nonlinear  behavior  are  revealed  in  the 
result  for  bias  loading.  The  distribution  of  the 
thread  stresses  along  the  left  clamped  edge 
can  be  evaluated  by  the  proposed  finite  ele¬ 
ment  as  shown  in  Fig.6  for  the  case  of  0= 45° 
at  the  load  of  5N/mm.  In  case  of  the  bias 
loading,  there  appears  high  stress  concentra¬ 
tion  of  <jTj  near  the  comer  of  specimen  as 
shown  in  this  figure. 

Concluding  Remarks 

As  a  non-constitutive  modeling,  the 
pseudo-continuum  model  was  proposed  by 
using  a  new  strain-displacement  relationship 
suitable  for  the  plain-weave  fabrics.  Through 
the  numerical  examples,  the  deformation 
behavior  of  the  fabric  was  investigated,  and 
versatility  of  the  proposed  model  was  eluci¬ 
dated. 
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Abstract 

In  this  study,  initial  fracture  behavior 
of  knitted  composite  was  considered.  In 
order  to  clarify  the  initial  fracture  behavior, 
tensile  testing  of  knitted  fabric  composites 
was  performed  and  the  knee  point  on  the 
stress-strain  curve  was  considered.  Strain 
was  obtained  by  both  extensometer  and  strain 
gages.  Strain  values  measured  were  different 
between  extensometer  and  strain  gages. 
Moreover,  elastic  moduli  before  and  after  the 
knee  point  were  different  with  the  location  of 
the  strain  gages.  The  initial  fracture  at  knee 
point  and  the  difference  in  moduli  before  and 
after  knee  point  were  explained  by  the 
characteristic  deformation  of  knitted  fabric 
composite. 

Key  Words:  Knitted  Fabric  Composite, 
Initial  Fracture  Behavior,  Strain  Gage,  Knee 
Point. 

Introduction 

Micro  fracture  behaviors  contribute 
to  macroscopic  mechanical  behavior  of 
composites.  Therefore,  the  initiation  of 
micro  fracture,  namely  initial  fracture  is 
important  to  understand  the  mechanical 
properties  of  composites.  It  has  been  clarified 
that  knee  point  on  the  stress-strain  curve  can 
be  used  for  quantitative  evaluation  of  initial 
fracture  [1].  As  a  more  active  method  for  use 
of  initial  fracture,  in  case  that  the  initial 


fracture  occurs  on  an  interface,  the  accurate 
identification  of  initial  fracture  can  be  used 
for  the  evaluation  of  interface  property. 

In  this  study,  we  challengingly  tried 
to  detect  of  initial  fracture  of  knitted 
composites  with  knee  point  on  the 
stress-strain  curves.  Here,  the  reason  why 
the  word  of  challenge  was  used  is  that  the 
knitted  fabric  composite  exhibited  the 
extremely  characteristic  mechanical 
behaviors  compared  with  other  textile 
composite  such  as  woven  and  braided 
composites;  the  mechanism  of  deformation 
and  the  heterogeneity  of  the  textile  structure 
described  in  the  following  section. 

Knitting  structure  made  by 
interlocking  offers  characteristic  deformation 
behavior.  The  yams  of  knits  are  consisted  of 
a  loop  structure.  The  deformability  is  a  direct 
consequence  of  the  loop  structure  in  the  knit. 
The  bent  yams  have  potential  to  be 
straightened  before  the  yam  itself  has  to  be 
extended.  When  knitted  fabrics  are  used  for 
composites,  the  mechanism  of  deformation 
would  be  complicated. 

Moreover,  knitted  composite  has 
heterogeneous  structure.  Here, 

heterogeneous  structure  is  employed  not  for 
macroscopic  mechanical  properties  of  plate 
but  for  the  unit  cell  base.  The  unit  cell  of 
woven  and  braided  fabric  is  aggregation  of 
the  fiber  crossing  part,  whereas  the  unit  cell 
of  knitted  fabric  is  consists  of  the  fiber 
crossing  part  and  straight  fiber  which  form 
loop  structure.  Therefore,  there  are  resin 
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region  without  fiber  at  the  center  of  loop, 
what  is  called  the  hole  filled  with  resin.  This 
heterogeneous  structure  causes  the  local 
variation  in  the  strain  depending  on  the 
measured  position. 

In  this  study,  initial  fracture  behavior 
of  knitted  composite  was  investigated  with 
tensile  test.  Initial  fracture  was  detected  on 
the  local  stress-strain  curves  of  different 
position. 

Experiment 

Materials 

Materials  used  in  this  study  was  glass 
fiber  (D  B450  1/2  445  Y23,  Nippon 
Electrical  Glass  Co.,  Ltd.)  as  reinforcement 
and  epoxy  resin  (Epikote  828,  Japan  Epoxy 
Resin  Co.,  Ltd.)  as  matrix  resin.  Plain  weft 
knitted  fabric  as  shown  in  Fig.  1  was  used  as 
reinforcements. 

The  plate  with  1  ply  of  knitted  fabric 
was  prepared  by  hand  lay-up  method,  and 
was  cured  for  48h  at  room  temperature, 
followed  by  post  cure  for  2h  at  100°C. 


c 


f 


Fig.l  Plain  weft  knitted  fabric. 
Tensile  testing 

Tensile  testing  of  knitted  composites 
was  performed  by  using  an  Instron  4206 
universal  testing  machine.  Dimensions  of  the 
specimen  were  1  mm  in  thickness,  200  mm  in 
length,  and  20  mm  in  width.  Test  conditions 
were  100mm  span  length  under  a  crosshead 
speed  of  1  mm/min  at  room  temperature. 

As  mentioned  above,  knitted  fabric 
composites  are  considered  to  be  not 
homogeneous  but  heterogeneous,  that  is, 


there  are  resin  rich  region  and  higher  fiber 
volume  fraction  region  from  microscopic 
viepoint.  It  is  important  to  decide  which 
strain  should  be  measured  on  the  specimen. 
Strain  obtained  from  the  strain  gage  shows 
local  strain,  whereas,  strain  from  the 
extensometer  shows  more  global  strain. 

In  this  study,  first,  extensometer 
(gage  length;  50mm)  was  used  for  the  tensile 
testing  of  knitted  composite.  Then,  tensile 
testing  with  strain  gages 
(KFG-3-120-D 16-11,  Kyowa  Electronic 
Instruments  Co.,  Ltd.,  gage  length;  3mm) 
was  performed.  Figure  2  shows  the  location 
of  strain  gages  in  the  longitudinal  direction. 
Strain  gages  in  the  longitudinal  direction 
were  attached  at  the  two  different  location; 
one  was  along  the  fiber  crossing  part 
(position  A(Fig.l  a-b)),  and  the  other  was 
without  the  loop  fiber  (position  B(Fig.l  c-f)). 
Knee  point  on  the  local  stress-strain  curve 
was  determined  using  least  squares  method 
[3]. 


Position  A  Position  B 

On  the  loop  fiber  Without  loop  fiber 


Fig.2  The  location  of  strain  gages  in  the 
longitudinal  direction. 

Results 

Relationship  between  stress  and  strain 

Figure  3  shows  stress-strain  curves  of 
the  knitted  composites  by  using  the  strain 
gages.  Knee  point  was  found  on  the 
stress-strain  curve  shown  in  Fig. 3.  Strain  at 
the  knee  point  was  shown  in  Table  1. 
However,  the  knee  point  could  not  be 
detected  in  the  case  of  strain  obtained  by 
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Ttmilt  Direction 


extensometer.  There  are  about  25  loops  on 
the  measured  region,  so  that  strain  from  the 
extensometer  shows  more  global  strain. 
Therefore,  it  is  considered  that  small  change 
in  strain  caused  by  an  initial  fracture 
disappeared  in  the  global  strain. 


Fig.3  Stress-strain  curves  of  the  knitted 
composites  by  using  the  strain  gages. 


Table!  Mechanical  Properties 


Ee 

E, 

Knee  stress 

Knee  strain 

E2 

(OP*) 

(GPa) 

(MPa) 

(%) 

(GPa) 

Position  A 

5.62 

6.03 

27.40 

0.456 

5.73 

Position  B 

6.29 

22.03 

0.354 

5.60 

Table  1  shows  the  elastic  modulus 
(Ei)  and  the  2nd  modulus  (E2)  obtained  by 
the  strain  gage  and  modulus  (Ee)  obtained  by 
the  extensometer  as  comparison.  Here,  the 
2nd  modulus  was  defined  as  the  slope  of 
stress-strain  curve  after  knee  point.  Modulus 


by  extensometer  was  lower  than  that  of  strain 
gages.  Modulus  of  position  A  showed  lower 
than  that  of  position  B,  whereas,  the  2nd 
modulus  of  position  A  showed  higher  than 
that  of  B. 

Initial  fracture  behavior  in  knitted 
composites 

During  the  tensile  tests,  the  testing 
machine  was ,  periodically  stopped  and 
-jjjjjtedcd  to  0,  and  observation  using  optical 
Ipiicroscopy  was  performed  to  examine  the 
"  initial  fracture  behavior. 

Figure  4  shows  fracture  aspect  by 
optical  microscope  around  the  knee  point. 
Two  types  of  fractures  were  observed;  one 
was  the  delamination  inside  of  fiber  bundle  at 
the  loop  head,  the  other  was  delamination  at 
the  fiber  crossing  part. 

Discussion 

From  the  viewpoint  of  deformation, 
the  above  results  were  considered.  Figure  5 
shows  schematic  drawing  of  deformation  of 
knitted  structure  obtained  by  numerical 
analysis  using  Finite  Element  Method. 
Deformation  of  fiber  bundle  at  the  line  a-b 
and  d-e  is  considered  as  follows;  fiber  at  the 
line  a-b  and  d-e  was  extended  at  the  small 
strain,  because  of  sliding  at  the  fiber  crossing 


(a)  Transverse  crack  (b)  Fiber  crossing  part 

Fig.4  Fracture  aspect  by  optical  microscope  around  the  knee  point. 
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Before  deformation 
After  deformation 


Fig.5  Schematic  drawing  of  deformation 
of  knitted  structure  obtained  by 
numerical  analysis  using  Finite 
Element  Method. 

part  (a,  b,  d,  and  e)  in  addition  to 
straightening  of  fiber  itself  (a-b,  d-e).  Then  it 
was  straightened  fully,  and  finally 
straightening  of  fiber  bundle  was  completed 
at  the  knee  point.  Therefore,  fiber  bundle 
acted  as  the  materials  aliened  to  fiber 
direction  after  the  knee  point.  At  the  knee 
point,  fiber  bundles  at  the  fiber  crossing  part 
(a,  b,  d,  and  e)  are  fastened  each  other,  and 
then  fracture  at  the  fiber  crossing  part  (shown 
in  Fig.4  (b))  occur. 

On  the  other  hand,  tensile  load  in 
loading  direction  was  applied  to  the  fiber 
bundle  at  the  line  b-c-d,  and  at  the  same  time 
tensile  load  in  fiber  direction  also  applied 
when  fiber  bundle  at  the  line  a-b  and  d-e  was 
straightened.  Namely,  two  axial  tensile  load 
would  be  applied  to  line  b-c-d,  as  a  result, 
this  fiber  bundle  at  the  line  b-c-d  was 
scarcely  deformed  in  loading  direction. 
There  is  also  scarcely  deformation  of  matrix 
at  line  c-f.  At  the  knee  point,  transverse 
crack  occurred  at  line  b-c-d  (shown  in  Fig. 
4(a)).  When  transverse  crack  at  line  b-c-d 
occur,  line  c-f  will  be  separated  and  easy  to 
deform  in  loading  direction. 

As  shown  in  Table  1 ,  Ei  of  position  A 
showed  lower  than  that  of  position  B.  As 
mentioned  above,  this  is  because  the  fiber 
bundle  at  the  line  a-b  and  d-e  was 
straightened,  whereas,  the  matrix  and  fiber 
bundle  at  the  line  b-c-d  were  scarcely 


deformed.  In  the  case  of  E2  after  knee  point, 
line  a-b  and  d-e  acted  as  the  materials  aliened 
to  fiber  direction,  whereas,  when  transverse 
crack  at  line  b-c-d  occur,  it  would  be  easy  to 
deform. 

As  shown  above,  even  one  loop 
exhibited  very  complex  deformation  state 
and  this  caused  the  local  strain  and  initial 
fracture  corresponding  each  location. 
Therefore,  as  a  future  work,  other  testing 
method  needs  to  be  considered,  such  as, 
using  strain  gage  with  shorter  gage  length, 
several  gages  on  one  specimen,  or  strain 
mapping  technique.  Also  tension  applied  to 
knitted  fabric  in  molding  the  composite 
would  be  examined. 

Conclusion 

In  this  study,  initial  fracture  behavior 
of  knitted  composites  was  investigated. 
Tensile  testing  of  knitted  fabric  composites 
was  performed,  here,  strain  was  obtained  by 
the  strain  gages  or  extensometer.  Elastic 
moduli  before  and  after  the  knee  point  were 
different  with  the  location  of  the  strain  gages. 
Then,  initial  fracture  behavior  at  the  knee 
point  was  considered  using  optical 
microscopy.  The  initial  fracture  and  the 
difference  in  moduli  before  and  after  knee 
point  was  explained  by  the  characteristic 
deformation  of  knitted  fabric  composite. 
These  results  indicated  that  local  stress-strain 
curve  should  be  used  for  the  detect  of  initial 
fracture  using  knee  point  on  knitted  fabric 
composites. 
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Abstract 

The  mechanical  properties  of  a  2-D 
braided  SiC/SiC  composite  were  investigated 
as  a  function  of  processing  temperature 
(1200  °C  and  1400  °C).  The  specimen 
processed  at  1200  °C  possessed  far  superior 
mechanical  properties  with  a  mean  flexural 
strength  of  407  MPa,  flexural  modulus  of 
140  GPa,  effective  fracture  energy  of  3685 
J  m'2,  fracture  toughness  of  7.68  MPa  ml/2, 
and  fibre  pullout  length  of  348  pm.  The 
difference  in  behaviour  between  the 
specimens  was  attributed  mainly  to  the  effect 
of  the  fibre/matrix  interface  shear  strength. 

Key  Words:  SiC/SiC,  braided,  CMC. 

Introduction 

Ceramic  matrix  composites  (CMCs)  have 
shown  great  potential  as  high  temperature 
structural  materials  in  aerospace  and  space 
applications.  One  of  the  main  problems 
inhibiting  the  widespread  acceptance  of  such 
materials  is  their  high  manufacturing  cost; 
resulting  from  several  factors  such  as  the 
choice  of  raw  materials  and  fibre  placement 
method  together  with  labour  and  energy 
intensive  manufacturing  procedures.  Several 
advanced  fibre  placement  methods  exist, 
such  as  knitting,  weaving,  and  braiding, 


together  with  simpler  forms  such  as 
unidirectional  and  laminate  machine  or 
manual  lay-ups.  It  has  been  suggested  that 
braided  fibre  architectures  may  provide  a 
good  compromise  between  the  complex 
multi-directional  fibre  placing  of  the  more 
expensive  kitted  and  woven  procedures  and 
the  lower  cost  approach  of  unidirectional  or 
laminate  materials. 

In  the  present  work  the  authors  have 
investigated  the  mechanical  properties  of  a 
2-D  braided  SiC/SiC  composite 
manufactured  at  either  1 200  °C  or  1400  °C. 

Experimental  Procedure 

The  fibre  utilised  in  the  present  work  was 
Tyranno®  LoxM  (Type  TM-S5,  Ube 
Industries,  Ltd.,  Ube  City,  Japan)  with  the 
following  characteristics:  800  fibres  per 
bundle,  11  pm  nominal  diameter,  >3  GPa 
tensile  strength,  180  GPa  tensile  modulus, 
and  2.37  g-cm'3  density.  The  fibre  was 
braided  into  the  form  of  a  continuous  tape 
(nominal  width  50  mm)  with  an  angle  of 
«25°  between  the  neighbouring  fibre  bundles 
along  the  major  axis  of  the  tape.  The  fibre 
preform  for  the  composite  was  produced  by 
cutting  the  tape  into  lengths  of  «40  mm  and 
stacking  the  layers  to  result  in  a  fibre 
preform  comprising  of  16  layers  with  an 
approximate  size  of  40  x  40  x  3  mm. 
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Matrix  consolidation  was  accomplished 
using  the  polymer  impregnation  and 
pyrolysis  (PIP)  method  in  which  a  25  mass% 
solution  of  polycarbosilane  (PCS)  in  hexane 
was  first  vacuum  impregnated  into  the  fibre 
preform  and  left  to  dry.  Pyrolysis  of  the  PCS 
matrix  and  conversion  to  SiC  was  carried  out 
at  either  1200  °C  or  1400  °C  under  a  nitrogen 
atmosphere  with  a  heating  rate  of  1  °C-min'1 
up  to  the  required  temperature  and  followed 
by  a  holding  time  of  10  min  and  furnace 
cooling  to  room  temperature.  The  final  open 
porosity  values  (following  12  PIP  cycles) 
were  6.1  and  13.9  vol%  for  the  1200  and 
1400  °C  specimens,  respectively.  The 
difference  in  final  open  porosity  was 
attributed  to  the  difference  in  processing 
temperature;  the  value  for  the  1200  °C 
specimen  being  typical  of  that  for  SiC/SiC 
composites  infiltrated  by  repeated  PIP  [1]. 

Following  manufacture,  the  resulting 
composite  plates  were  cut  and  polished  into 
specimens  suitable  for  3-point  flexural  and 
fracture  toughness  evaluation;  30  x  4  x  1  mm 
(span  x  width  x  depth)  for  flexural  testing 
and  12x4x2  mm  for  the  fracture  toughness 
tests.  Specimens  for  fracture  toughness 
evaluation  were  tested  in  the  single-edge 
double-notch  beam  (SEDNB)  configuration 
using  an  initial  notch  to  depth  ratio  of  0.5. 
The  crosshead  speed  was  0.1  mnvmin’1  for 
both  tests.  In  addition  to  flexural  strength, 
the  flexural  modulus  and  effective  fracture 
energy  were  also  calculated  for  the  3-point 
flexural  test  specimens. 

The  extent  of  fibre  pullout  is  known  to  be 
an  important  indicator  of  fracture  behaviour 
and  the  fibre/matrix  interface  shear  strength, 
x,  in  CMCs  [2,3]  with  the  fibre  pullout 
length  being  measured  for  a  large  number  of 
fibres  close  to  the  notch  tip  in  each  fracture 
toughness  specimen. 

Results  and  Discussion 

Load/displacement  curves  for  specimens 
tested  under  3-point  flexural  loading  have 
been  presented  in  Fig.  1 .  The  most  important 


point  to  note  is  the  relatively  “graceful” 
failure  exhibited  by  the  1200  °C  specimen 
(Fig.  1(a)),  i.e.,  a  gradual  decrease  in  load 
following  the  maximum  load  and  suggestive 
of  the  presence  of  crack  bridging 
mechanisms  (presumably  as  a  result  of  fibre 
debonding  and  pullout)  and  pseudo-ductile 
failure.  Such  a  failure  mode  has  been  noted 
in  previous  SiC/SiC  composites 
manufactured  using  the  PIP  method  [1]  and 
is  generally  desirable  from  the  point  of  view 
of  fracture  toughness  and  effective  fracture 
energy. 

Mechanical  properties  measured  using  the 
3-point  flexural  test  have  been  presented  in 
Fig.  2;  namely  flexural  strength  (Fig.  2(a)), 
flexural  modulus  (Fig.  2(b)),  and  effective 
fracture  energy  (Fig.  2(c)).  The  values  of 
flexural  strength  (407  MPa)  and  effective 
fracture  energy  (3685  J-m'2)  for  the  1200  °C 
specimen  were  significantly  higher 
compared  to  those  of  the  1400  °C  specimen; 
355  MPa  and  2196  J-m'2,  respectively.  The 


Fig.  1  Effect  of  processing  temperature  on 
flexural  load/displacement  curves:  (a) 
1200  °C,  and  (b)  1400  °C. 
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Fig.  2  Effect  of  processing  temperature  on 
flexural  properties:  (a)  strength,  (b) 
elastic  modulus,  and  (c)  fracture  energy. 

tensile  strength  of  CMCs  is  known  to  depend 
on  the  fibre  strength  in  situ  the  composite,  S0, 
and,  to  a  greater  degree,  t  [2].  Although  it 
may  be  the  case  that  S0  was  slightly  lower  in 
the  1400  °C  specimen  due  to  the  increased 
processing  temperature  and  resulting  trend 
towards  fibre  decomposition  [4],  a  more 
likely  explanation  would  be  that  most  of  the 
difference  between  flexural  strength  and 
effective  fracture  energy  was  attributed  to  a 
difference  in  x  between  the  specimens.  One 
reason  to  explain  the  difference  in  x  would 
be  the  difference  in  processing  temperatures 
that  resulted  in  different  thermal  stresses 
(higher  for  the  1400  °C  case)  once  the 
specimens  had  cooled  to  room  temperature. 
Further  evidence  for  a  significant  difference 
in  x  will  be  presented  later.  The  flexural 
modulus  was  140  GPa  for  the  1200  °C 
specimen  and  slightly  lower  at  129  GPa  for 


the  1400  °C  specimen  (Fig.  2(b)).  The  elastic 
modulus  of  brittle  materials  is  known  to 
depend  on  both  the  amount  and  morphology 
of  the  porosity.  The  smaller  amount  of  open 
porosity  in  the  1200  °C  specimen  would  tend 
to  lend  itself  towards  a  higher  elastic 
modulus  value  as  found  in  the  present  work. 

The  mean  fracture  toughness  values  were 
7.68  and  2.49  MPa-m1/2  for  the  1200  °C  and 
1400  °C  specimens,  respectively.  Fracture 
toughness  specimens  for  the  1200  °C  case 
exhibited  tortuous  fracture  paths  with 
multiple  crack  branching  and  evidence  of 
fibre  pullout,  as  might  be  expected  for  a 
composite  with  a  relatively  high  fracture 
toughness.  On  the  other  hand,  the  1400  °C 
specimen  showed  a  crack  path  rather  linear 
in  nature.  Although  a  fracture  toughness  of 
7.8  MPaml/2  is  not  unreasonable  for  many 
applications,  it  is  still  significantly  less  than 
that  of  either  3-D  woven  SiC/SiC  composites 
(40  MPa-m1/2)  or  even  self-reinforced 


Fig.  3  Scanning  electron  micrographs 
illustrating  fibre  pullout  at  the  notch  tip  of 
fracture  toughness  specimens:  (a)  1200  °C, 
and  (b)  1400  °C. 
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Fig.  4  Fibre  pullout  length  distributions 
for  braided  SiC/SiC  composites. 

monolithic  ceramics  such  as  silicon  nitride 
(10  MPam,/2). 

A  comparison  between  the  fibre  pullout 
behaviour  at  the  notch  tip  of  the  fracture 
toughness  specimens  (Fig.  3)  showed  the 
1200  °C  specimen  to  exhibit  extensive  fibre 
pullout  on  the  order  of  several  100  pm 
whereas  fibre  pullout  in  the  1400  °C 
specimen  was  relatively  minor  with  pullout 
lengths  on  the  order  of  several  fibre 
diameters.  Distributions  of  fibre  pullout 
lengths  for  both  specimens  have  been 
presented  in  Fig.  4  with  mean  values  of  348 
pm  (1200  °C)  and  103  pm  (1400  °C).  The 
larger  mean  fibre  pullout  length  for  the  1200 
°C  specimen  is  indicative  of  a  lower  x  [3,5] 
that  has  been  shown  in  previous  work  on 
SiC/SiC  composites  to  result  in  superior 
mechanical  properties  [6].  Fibre  strength  is 
also  known  to  have  an  effect  on  the  fibre 
pullout  length  distribution  [3].  However,  the 
decrease  in  fibre  strength  for  the  1400  °C 
specimen,  required  to  cause  such  a  large 
change  in  fibre  pullout  behaviour,  would 
almost  certainly  have  resulted  in  poor 
flexural  strength  and  fracture  toughness 
behaviour  far  below  that  noted  in  the  present 
work.  This  result  further  confirms  the 
assertion  that  the  main  reason  for  the 
difference  in  mechanical  behaviour  between 
the  specimens  was  a  difference  in  the 
fibre/matrix  interface  shear  strength. 


Conclusions 

Mechanical  properties  were  investigated 
for  a  2-D  braided  SiC/SiC  composite 
manufactured  using  the  repeated  polymer 
impregnation  and  pyrolysis  of 
polycarbosilane  at  either  1200  °C  or  1400  °C. 
The  specimen  processed  at  1200  °C 
possessed  far  superior  mechanical  properties 
with  a  mean  flexural  strength  of  407  MPa, 
flexural  modulus  of  140  GPa,  effective 
fracture  energy  of  3685  Jm’2,  fracture 
toughness  of  7.68  MPaml/2,  and  fibre 
pullout  length  of  348  pm.  Although  the  pore 
morphology  and  amount  varied  between  the 
specimens,  this  did  not  appear  to  have  a 
significant  effect  on  the  mechanical 
behaviour.  Instead,  most  of  the  difference  in 
mechanical  behaviour  was  attributed  to  the 
effect  of  the  fibre/matrix  interface  shear 
strength  being  different;  presumably  as  a 
result  of  the  processing  temperature  giving 
rise  to  different  thermal  stresses  upon 
cooling  to  room  temperature. 
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Abstract 

Widespread  demand  for  reproducible 
dry  preforms  for  the  production  of  composite 
parts  has  promoted  new  developments  in 
textile  techniques.  Altin  Naehtechnik,  a 
former  producer  of  industrial  sewing  ma¬ 
chines  in  Germany  has  developed  a  system 
which  allows  the  combination  of  continuous 
moving  industrial  robots  with  discontinu- 
ously  operating  stitching  systems.  The  de¬ 
veloped  stitching  heads  are  carried  via  the 
manipulator  along  the  seam  line  of  the  fixed 
work  piece.  The  various  types  which  are 
described  allow  the  application  of  carbon 
fiber  threads  and  can  be  used  for  shaping  of 
the  structures  as  well  as  for  the  reinforcement 
through  the  thickness.  Patented  new  stitching 
techniques  which  allow  the  approach  to  the 
work  piece  from  only  one  side  or  the  rein¬ 
forcement  of  the  structure  in  the  mould  are 
explained.  Almost  any  shape  of  preform  can 
be  produced  by  stitching,  avoiding  the  use  of 
time  consuming  braiding  procedures.  Exam¬ 
ples  for  fixture  designs  and  produced  dry 
preforms  are  given. 

Key  Words:  Stitching,  Tufting,  Preform, 
Reinforcement, 


Introduction 

The  increasingly  growing  application 
of  resin  infusion  techniques  in  the  recent  past 
has  also  increased  the  demand  for  repro¬ 
ducible  textile  preforms.  Shaping  of  struc¬ 
tures,  the  production  of  semi-solid  preforms 
which  can  be  handled  without  fiber  mis¬ 
alignment,  fixation  of  patches  to  a  fabric 
structure  and  the  reinforcement  through  the 
thickness  are  the  major  tasks  to  be  fulfilled. 
Textile  techniques  therefore  are  in  the  focus 
of  interest  of  the  composite  industry.  Tradi¬ 
tional  stitching  techniques  known  from  the 
textile  industry  are  limited  to  2-dimendional 
structures.  Weaving  and  braiding  techniques 
are  in  general  too  slow  and  therefore  too 
costly  and  have  the  disadvantage  of  high 
amounts  of  fiber  undulations  in  the  finished 
preform.  Altin  Naehtechnik,  a  former  pro¬ 
ducer  of  industrial  sewing  machines  in 
Germany  has  therefore  developed  and  pat¬ 
ented  a  complete  new  technique.  By  com¬ 
bining  an  industrial  robot  with  special  de¬ 
signed  stitching  heads  it  is  nowadays  possi¬ 
ble  to  produce  3-dimensional  preforms  by  the 
application  of  stitching  technology. 
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The  Robot  System 

Industrial  six  -  axes  robots  which  can 
guarantee  the  required  accuracy  are  used  to 
carry  the  stitching  heads.  The  regular  span  of 
approx.  2500  mm  can  be  extended  by 
mounting  the  robot  on  a  gantry  system  as  it  is 
known  from  modem  tape  laying  machines. 
The  control  system  allows  the  operation  of 
up  to  27  servo  drives.  Programming  of  the 
robot  is  done  either  by  Teach-In  mode,  Off¬ 
line-Programming  or  by  submitting  of  CAD 
data  files  to  the  control  system.  Besides  col¬ 
lision  control  mechanisms  the  offline  pro¬ 
gramming  also  allows  the  optimization  and 
simulation  in  the  design  laboratory.  A  typical 
system  is  shown  in  Figure  1 . 


Fig.l  Robotic  3-D  Stitching  System 
The  Stitching  Heads 

Presently  seven  stitching  heads  for 
different  applications  and  stitch  types  are 
available.  All  are  equipped  with  special 
compensation  gears  which  allows  them  to  be 
continuously  guided  along  the  seam  path 
whereby  the  needles  show  no  sideward 
movement  while  in  the  fabric.  The  patented 
One  Side  Stitching  head  (  OSS  )  as  well  as 
the  tufting  head  allow  the  stitching  of  struc¬ 
tures  which  have  access  from  one  side  only, 
since  no  machine  part  is  on  the  reverse  side 
of  the  work  piece. 


One  Side  Stitching  (  OSS  ) 

The  new  invented  stitching  system  is  a 
variation  of  a  simple  chain  stitch.  Two  nee¬ 
dles  are  penetrating  the  work  piece  from  only 
one  side  and  are  manipulating  the  thread  in 
such  a  way  that  the  interlocking  is  generated 
on  the  surface  of  the  fabric  (  Fig.2). 


Fig.2  One  Side  Stitch 

Since  the  thread  is  lying  under  45° 
and  90°  in  the  work  piece  it  is  possible  to 
achieve  a  type  of  cross  stitching  by  reversing 
the  direction  of  the  seam  path.  A  structural 
cross-  reinforcement  in  T-shaped  parts  can 
thus  be  applied  in  the  areas  of  the  high  loads. 
Figure  3  shows  the  sketch  of  the  seam  pat¬ 
tern. 
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Tufting 

Different  from  the  above  described  two  nee¬ 
dle  system,  the  Tufting  head  is  using  a  single 
needle,  inserting  the  thread  in  or  through  the 
fabric  without  producing  any  interlocking  of 
the  thread.  The  two  resulting  stitch  patterns 
are  shown  in  figure  4. 


Fig.  4  Tufting  Stitch  Pattern 


Unlike  the  OSS  system  the  preform  is 
therefore  not  as  rigid,  but  due  to  the  missing 
interlocking  of  the  thread,  lowest  possible 
thread  tensions  can  be  achieved. 


Double  Lock  Stitch 

This  commonly  known  stitch  type  is  char¬ 
acterized  by  the  use  of  one  needle  and  two 
threads  of  which  one  is  located  in  a  small 
rotating  bobbin  underneath  the  fabric.  It 
produces  a  similar  looking  seam  line  on 
booth  sides  of  the  structure.  The  stitching 
head  shown  in  figure  6  was  the  first  in  a 
family  of  now  seven  stitching  heads  for  robot 
application  and  is  also  capable  of  handling 
carbon  fiber  threads. 


Fig.  6  Double  Lock  Stitch  Head 


Fig.  5  lifting  Head 


The  major  advantage  of  tufting  however  lies 
in  its  “in-mould-stitching”  capability  which 
allows  the  reinforcement  of  the  structure  al¬ 
ready  positioned  in  the  resin  infusion  tool. 
The  tufting  head  is  shown  in  figure  5. 


Fixtures 

The  stitching  procedures  are  reliable 
and  proven  in  the  industrial  application.  The 
fixation  of  the  fabrics  to  be  stitched,  however 
is  a  challenge  for  every  new  composite 
structure.  Figure  7  show  a  3-dimensional 
impeller  design  as  example.  The  target  is  to 
produce  all  seams  with  no  or  minimal  re¬ 
placement  on  a  single  fixation  device. 


Fig.  7  Impeller  Design 
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Although  this  cannot  be  achieved  for 
every  structure,  the  one  side  stitching  tech¬ 
niques  together  with  elaborated  fixture  de¬ 
sign  allows  to  come  close  to  target.  The  fix¬ 
ture  for  the  impeller  is  shown  in  figure  8. 


Fig.  8  Fixture  for  an  Impeller 

The  stitching  for  a  3-dimensional 
aircraft  part  on  a  fixture  is  shown  in  figure  9. 
A  double  conical  stringer  for  an  aircraft  ap¬ 
plication,  produced  solely  by  OSS  technique, 
is  shown  in  figure  10. 


Fig.  9  Stitching  of  a  curved  Stringer 


Fig.  10  Double  conical  Stringer 
Conclusion 

Stitching  of  dry  fabric  preforms  has  a  high 
potential  for  the  production  of  composite 
parts.  Shaping  as  well  as  reinforcement 
through  the  thickness  can  be  achieved.  The 
possibility  of  distinct  insertion  of  threads 
allows  their  use  as  a  structural  element  in  the 
design  of  the  part  for  the  achievement  of 
improved  performance.  Delamination  be¬ 
havior  on  impact,  known  from  conventional 
produced  composite  parts  is  substantially 
improved.  The  use  of  unidirectional  or  mul- 
tiaxial  fabrics  for  stitching  allows  to  avoid 
time  consuming  braiding  and  weaving  pro¬ 
cedures  with  their  high  amount  of  undulated 
fibers  in  the  product.  With  new  developed 
patented  stitching  technologies  almost  every 
shape  of  preform  can  be  produced.  The  in¬ 
dustrial  robots  used  to  carry  the  stitching 
heads,  guarantee  the  required  accuracy  and 
reproducibility  as  well  as  automation  for  high 
performance  parts.  Rail  or  gantry  systems 
allow  large  stitching  areas.  Major  Interna¬ 
tiona!  aircraft  parts  manufacturer  have  de¬ 
cided  to  use  this  technique  for  their  produc¬ 
tion.  Weight  savings  achievable  by  the  use  of 
composites  almost  impose  this  technique  for 
automotive  and  marine  applications. 
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Abstract 

The  pin-jointed  network  model  has 
been  widely  used  for  the  simulation  of  fabric 
forming  process  of  Resin  Transfer  Molding. 
Inter-fiber  sliding  has  been  observed,  when 
the  molding  surface  has  sharp  corners.  The 
radius  of  curvature  of  a  corner  influences  the 
fabric  deformation  in  some  cases.  We 
experimentally  examine  inter-fiber  sliding  in 
fabric  shaping  process,  and  propose  the 
scheme  of  finite  element  analysis  using  the 
pin-jointed  network  model  to  simulate  fabric 
shaping.  Inter-fiber  sliding  at  a  node  can  be 
mechanically  estimated  from  the  axial  force 
of  the  yarns. 

Key  Words:  Fabric  Shaping  Simulation, 
Resin  Transfer  Molding,  Finite  Element 
Method,  Inter-fiber  Sliding 

Introduction 

It  is  of  considerable  practical 
significance  to  analyze  fabric  shaping 
process  in  Resin  Transfer  Molding  (RTM). 
Main  topics  in  this  research  are  macroscopic 
deformation  of  fabrics  (formability  of  fabric 
without  wrinkles)  and  microscopic 
deformation  of  yarns  (local  yarn  orientation. 


shape  of  texture  and  yarn  spacing).  The 
approaches  analyzing  fabric  draping  and 
shaping  can  be  classified  into  two  categories. 
One  is  the  geometrical  approach,  meshing  of 
the  curved  surface;  for  example,  the  fishnet 
algorithm  [1,2],  meshing  with  Computer 
Aided  Design  (CAD)  system  [3,4],  The  other 
is  the  mechanical  approach,  minimizing 
elastic  energy  of  fabrics;  for  example,  Finite 
Element  Method  (FEM)  using 
two-dimensional  elements  [5,6],  In  the 
previous  paper  [7],  we  also  reported  the 
modeling  of  fabrics  using  truss 
(one-dimensional)  elements  and  the 
commercial  FEM  system.  In  most  studies  of 
fabric  draping/shaping,  the  pin-jointed 
network  model  (geometrical  approach  and 
modeling  with  one-dimensional  elements) 
has  been  widely  used.  However  no  inter-fiber 
sliding  was  assumed  in  the  FEM  analysis 
with  two-dimensional  elements. 

Recently,  Lai  et  al.  [8]  proposed  the 
modeling  of  fiber  slippage  using  FEM.  In  the 
proposed  model,  the  amount  of  fiber  slippage 
is  geometrically  estimated  from  yarn 
curvature.  They  examined  the  effects  of 
inter-fiber  sliding  experimentally,  and 
reported  that  slippage  became  large  near 
sharp  corner.  Yarn  sliding  has  been  observed 
in  regions  where  the  rate  of  shear  angle 
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variation  is  higher  (see  Fig.  1(a)),  and  where 
single  yarn  bending  occurs  (see  Fig.l(b))[9], 
Since  inter-fiber  sliding  is  related  to  friction 
between  fibers,  we  take  into  account  of  the 
tensile  force  in  yarns,  in  the  present  study. 


Fig.l  Patterns  of  inter-fiber  sliding. 

(a)  Large  shear  angle  variation, 

(b)  single  yarn  bending. 


Experimental  Results 
of  Inter-fiber  Sliding 


Test  Apparatus 

We  studied  the  effects  of  inter-fiber  sliding 
by  deep  drawing  with  the  cylindrical  punch 
shown  schematically  in  Fig.2.  A  distributed 
load  of  50  N  is  applied  to  the  fabric  by  the 
blank-holder. 


Blank-holder 


Fabric 


X2 


Punch 


□ 


4>D,  / 

Molding  die 

D]  =  30,  34  nun,  A>=  32,  36  mm, 
h  =  10,  20,  26  mm,  r\  ~  0.5  mm,  r2  =  2,  5  mm 

Fig.2  Deep  drawing  with  cylindrical 
punch. 


Test  Fabrics 

Plain- weave  rayon  fabric  of  100  X  100  mm2 
was  used  in  this  test.  Structural  parameters 
are  listed  in  Table  1.  We  employ  fibers  of 
0.15  mm  diameter,  to  avoid  the  effect  of 
waviness  of  woven  fabrics. 


Table  1  Properties  of  Fabrics 


Material  Thickness  Spacing  of  Spacing  of 

(mm)  warp  (mm)  weft  (mm) 
Ravon _ 0.25 _ L5 _ T9 _ 


Experimental  Results 

Deformation  of  plain-woven  fabric  is  shown 
in  Figs.3-6.  Large  shear  deformation  is 
observed  on  the  side  surface  of  the 
cylindrical  punch  and  the  blank-holder 
surface  (see  Fig.3). 


Z)|=30mm,  D2= 32,  fc=20mm.  r:=2mm 


Fig.3  Fabric  deformation  of  deep  drawing. 


Inter-fiber  sliding  is  negligibly  small  when 
the  punch  traveling  h  is  small  (see  Fig. 4). 


D\- 34mm,  D2=36mm,  /j=10mm,  /v^mm 


Fig.4  Fabric  deformation  without 
inter-fiber  sliding. 
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and  TV2  are  applied  forces  from  warp 
segments,  and  Tv  is  the  resultant.  These 
vectors  are  three-dimensional  as  shown  in 
Fig.7(b). 

If  a  node  contacts  on  the  punch  or  the 
molding  surface,  it  moves  along  the 
contacting  surface.  To  estimate  the  sliding 
movement  of  point  P  on  the  contacting 
surface,  projection  vectors  Su(i,  j)  and  Sv(i,  j) 
of  the  force  vectors  T„  and  Tv  onto  the  tangent 
plane  are  defined.  These  vectors  Sv(i , 

/')  and  the  resultant  .V  are  two-dimensional  on 
the  tangent  plane  shown  in  Fig. 7(c).  The 
direction  of  S  denotes  the  sliding  direction. 
We  define  the  sliding  factor  fi  which 
depends  on  the  number  of  sliding  estimations 
and  the  status  of  friction  between  yarns.  Then, 
we  determine  the  value  of  fi  with  reference 
to  the  experiments  of  fabric  friction  [10], 
empirically.  We  can  estimate  the  amount  of 
inter-fiber  sliding  at  fi  S,  and  obtain  the  new 
draping  point  on  the  punch  surface  by 
re-projection  onto  it. 


Fig.8  Flow  chart  of  simulation. 


We  set  the  initial  condition  and  the  number  of 
estimation  of  sliding.  The  iterative  FEM 
analysis  for  large  deformation  is  performed 
until  the  punch  traveling  distance  approaches 
to  hh  which  denotes  the  punch  traveling 
distance  without  inter-fiber  sliding.  We 
estimate  the  inter-fiber  sliding  from 
temporary  results  of  FEM,  and  employ 
LS-DYNA  for  the  large  deformation  analysis. 
The  flow  chart  is  shown  in  Fig.8. 

Conclusions 

We  have  examined  deep  drawing  of 
fabrics  with  a  cylindrical  punch.  Large  shear 
deformation  of  texture,  buckling  of  yarn  by 
compression  and  inter-fiber  sliding  are 
observed.  We  propose  the  strategy  of  FEM 
analysis  for  studying  inter-fiber  sliding. 

References 

1.  C.  Mack  and  H.M. Taylor:  J.  Textile 
Institute,  47,  477  (1956). 

2.  F.  Van  der  Ween:  International  Journal  for 
Numerical  Method  in  Engineering,  31,  1415 
(1991). 

3.  B.  P.  van  West  and  S.  C.  Luby:  Journal  of 
Advanced  Materials,  28(3),  29  (1997). 

4.  J.  Wang,  R.  Paton  and  J.  R.  Page: 
Composite,  Part  A,  30(6),  757  (1999). 

5.  J.  C.  Gelin,  A.  Cherouat,  P.  Boisse  and  H. 
Sabhi:  Composites  Science  and  Technology, 
56(7),  711  (1996). 

6.  L.  Dong,  C.  Lekakou  and  M.  G.  Bader: 
Composites  Part  A,  31(7),  639  (2000). 

7.  Y.  Arimitsu  and  Tsu-Wei  Chou:  Proc.  of 
23rd  Internationa!  SAMPE  Tech.  Conf.,  551 
(1999). 

8.  Chyi-Lang  Lai  and  Wen-Bin  Young: 
Polymer  Composites,  20(4),  594  (1999). 

9.  J.  Wang,  J.  R.  Page  and  R.  Paton: 
Composites  Science  and  Technology,  58(2), 
229(1998). 

10.  L.  Virto  and  A.  Naik:  Textile  Research 
Journal  70(3),  256  (2000). 


748 


Proceedings  of  7lh  Japan  International  SAMPE 
Symposium  §  Exhibition,  Nov.  13-16,  200 1 


Fabrication  and  Mechanical  Behavior  of 
Textile  Reinforced  SMC 


Asami  Nakai1  and  Takeshi  Ohkawa1 

1:  Division  of  Advanced  Fibro  Science,  Kyoto  Institute  of  Technology 
Goshokaido-cho,  Matsugasaki,  Sakyo-ku,  Kyoto  606-8585,  JAPAN 
E-mail:  nakai@ipc.kit.ac.jp 


Abstract 

In  this  study  textile  reinforced  SMC 
was  fabricated  to  improve  the  mechanical 
property  of  SMC,  furthermore,  to  reinforce 
around  the  hole.  Tensile  test  of  textile 
reinforced  SMC  with  a  circular  hole  with  a 
pin  was  conducted.  SMC  with  textile 
showed  higher  tensile  properties  than  SMC 
without  textile.  Particularly,  the  braided  hole 
contributed  to  the  improvement  in  the 
maximum  load.  These  differences  were  due 
to  continuous  fiber  around  the  circular  hole. 
From  Ihe  observation  of  the  cross  section  the 
microfracture  of  textile  reinforced  SMC 
with  a  circular  hole  with  pin  was  clarified. 

Key  words:  SMC,  Textile,  Braided  Hole, 
Machined  Hole 

Introduction 

SMC  (Sheet  Molding  Compound)  is 
one  of  the  typical  composite  materials, 
which  consists  of  glass  fiber  mat  and 
unsaturated  polyester  resin.  SMC  products 
have  smooth  surface  without  any  particular 
technique,  and  this  is  a  superior  point  of 
SMC.  SMC  molding  process  is  simple, 
namely  easy  to  fabricate  complex  shape 
products.  From  these  reasons,  SMC  products 
have  been  used  in  structural  parts  of 


transportation  vehicles,  water  tank,  bathtub, 
and  many  other  products. 

Although  SMC  is  widely  used,  the 
initial  fracture  occurs  at  relatively  small 
strain.  As  one  of  the  solutions,  the  use  of 
textile  as  the  reinforcements  of  SMC  was 
proposed.  The  reason  is  that  long  fiber 
reinforcements  of  textile  can  improve  the 
modulus  and  strength  in  SMC. 

When  the  composite  materials  are 
used  as  structural  members,  connecting  them 
with  other  members  is  the  important 
problems.  Mechanically  fastened  joints 
connecting  each  member  by  pins  or  bolts 
have  been  well  known  as  one  of  the  simplest 
joint  methods.  In  producing  the  hole  by 
machining,  decrement  in  the  mechanical 
properties  of  SMC  is  expected  because  of 
the  stress  concentration. 

The  braided  fabric  can  make  a  hole 
without  cutting  fiber  continuity  around  a 
hole.  Therefore,  the  above-mentioned  SMC 
reinforced  with  textile  is  also  useful  because 
braided  fabric  can  reinforce  around  the  hole 
in  addition  to  improvement  of  the 
mechanical  properties  of  SMC. 

In  this  study,  textile  reinforced  SMC 
was  fabricated  with  braided  fabric  and  cloth 
for  the  comparison.  For  the  actual 
application,  tensile  test  with  pin  in  the 
circular  hole  was  performed.  Moreover, 
observations  of  the  cross-section  after 
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tensile  test  were  carried  out  to  clarify  the 
microfracture  in  the  specimens. 

Experiment 

Materials 

In  this  study,  to  reinforce  SMC,  two  types  of 
textile  were  used.  One  was  E-glass  cloth 
(WE18W;  Nitto  Boseki  Co.,  Ltd.)  and  the 
other  was  flat  braided  fabric.  Materials  used 
for  flat  braided  fabric  was  glass  fibers 
(ER575  F-165N,  17/im,  1000  filaments, 
Nippon  Electrical  Glass  Co.,  Ltd.)  as  a 
reinforcement.  A  flat  braided  fabric  with  2/2 
intersection  repeat  was  fabricated  by  using  a 
flat  braiding  machine  with  25  spindles.  SMC 
(1740;  Asahi  fiber  glass  co.,  ltd.)  was 
composed  of  random  glass  mats  of  short 
glass  fiber  and  unsaturated  polyester.  SMC 
plates  reinforced  with  textile  were  produced 
by  compression  molding  machine  with 
300mm  X  300mm  of  the  cavity  mold. 

In  the  case  that  laminate  of  SMC  and 
textile  fabric  was  compressed  and  molded, 
the  unimpregnated  region  was  observed. 
Therefore,  in  order  to  fill  the  resin  into  the 
fiber  bundles  and  to  help  the  impregnation 
of  resin  from  SMC  to  textile,  textile  fabric 
was  impregnated  with  paste  resin  used  for 
SMC  materials  prior  to  molding.  Processing 
conditions  were  as  follows;  140  'C  of 
molding  temperature,  5.6MPa  of  molding 
pressure,  100%  of  charge  ratio. 

Tensile  test 

Geometry  of  the  specimens  for  tensile  test 
was  250mm  in  length,  25mm  in  width,  and 
SMC  was  4mm  in  thickness,  and  both  SMC 
with  cloth  and  SMC  with  flat  braided  fabric 
were  4.8mm  in  thickness.  Static  tensile  test 
was  performed  with  the  gage  length  of  170 
mm.  The  diameter  of  a  hole  was  6  mm. 
Tensile  tests  with  pin  were  performed. 

The  types  of  specimen  were  as 
follows;  SMC  with  machined  hole  (SHP), 
SMC  with  cloth  with  machined  hole  (CHP), 
and  SMC  with  braided  fabric  with  machined 
hole  (MHP),  SMC  with  braided  fabric  with 
braided  hole  (BHP). 


Results  and  Discussions 

It  is  known  that  in  SMC  specimens 
under  tensile  load,  initial  fracture,  namely 
transverse  crack,  occurred  at  the  interface  in 
a  fiber  bundle.  [1]  For  the  textile  reinforced 
SMC,  the  transverse  cracks  were  also 
observed.  In  load-displacement  (L-D)  curves 
of  these  SMC  products,  load  increased 
linearly  at  the  beginning  and  showed  a  knee 
point.  It  was  confirmed  that  the  transverse 
cracks  caused  the  decrement  in  slope  of  the 
stress-strain  curves,  that  is,  knee  point. 

Figure  1  shows  L-D  curves  of  SHP, 
CHP,  MHP,  and  BHP.  All  specimens  of 
SMC  with  textile  showed  higher  properties 
than  SMC  without  textile.  The  behavior  of 
L-D  curves,  particularly  after  knee  point, 
depended  on  the  types  of  textile  as  the 
reinforcements.  BHP  with  the  fiber 
continuity  around  the  hole  had  the  highest 
property;  the  steepest  slope  and  the  highest 
maximum  load  of  all  the  specimens. 


Fig.l  L-D  curves  of  textile  reinforced 
SMC 

Tensile  properties  are  summarized  in 
Table  I.  Here,  1st  modulus  and  2nd  modulus 
represents  the  slope  of  L-D  curves  before 
and  after  knee  point  as  shown  in  Fig.l .  Knee 
point  load  and  maximum  load  were  obtained 
from  L-D  curves.  Here,  the  normalized  load 
is  load  divided  by  the  thickness. 
Improvement  ratio  represents  the  knee  point 
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and  maximum  load  divided  by  the  values  of 
SMC  without  textile  (SHP)  respectively. 

As  shown  in  Table  1,  the  2nd  moduli 
of  SMC  with  textile  were  higher  than  those 
of  SMC  without  textile.  The  normalized 
knee  point  and  maximum  load  of  SMC  with 
textile  was  higher  than  that  of  SMC.  As  for 
Improvement  ratio,  both  that  of  knee  point 
load  and  maximum  load  with  textile  showed 
value  above  1.0  and  the  improvement  ratio 
of  maximum  load  was  higher  than  that  of 
knee  point.  Concerning  SMC  reinforced 
with  braided  fabric,  BHP  showed  1.30  in 
improvement  ratio  of  knee  point,  and  2.01  in 
improvement  ratio  of  maximum  load.  From 
these  results,  it  is  clear  that  SMC  with  textile, 
particularly  braided  fabric  with  circular  hole, 
has  higher  property  than  SMC  without 
textile  because  of  the  continuous  fiber 
around  the  hole.  Moreover,  it  is  interesting 
result  that  maximum  load  of  BHP  was  equal 
to  that  of  F,  that  is,  SMC  reinforced  with 
braided  fabric  without  a  hole. 

Next,  microfracture  of  textile 
reinforced  SMC  after  tensile  test  was 
examined  with  optical  microscopy;  the 
photograph  of  cross-sectional  area  of 
specimen  parallel  to  the  longitudinal 
direction  was  focused.  In  the  case  of  SHP, 
transverse  cracks  were  observed  as 
mentioned  before.  Figure  2  shows  CHP 
around  the  hole,  which  shows  that  the  cloth 
was  delaminated.  Further,  in  this  photograph 
both  transverse  crack  and  the  crack  parallel 
to  longitudinal  direction  occurred  in  one 
fiber  bundle  around  the  hole.  The  crack 
parallel  to  longitudinal  direction  was 
because  of  heterogeneity  structure  in 
thickness  direction  since  textile  was  put  only 


one  side.  As  a  result,  it  is  considered  that 
shear  stress  generated  in  the  SMC  before  the 
delamination  between  textile  and  SMC. 

Figure  3  is  MHP  around  the  hole  and 
Fig.  4  is  BHP.  Delamination  between  textile 
and  SMC  was  not  observed  in  MHP  and 
BHP  even  around  the  hole.  In  MHP,  there 
are  cracks  parallel  to  longitudinal  direction 
and  transverse  cracks  as  same  as  the  CHP, 
because  the  fiber  continuity  was  not  kept 
around  the  hole.  In  BHP  specimens,  only  the 
cracks  parallel  to  the  longitudinal  direction 
were  observed  all  over  the  specimen.  It  is 
expected  that  because  the  cracks  only 
parallel  to  the  longitudinal  direction 
occurred,  delamination  could  not  occur  until 
the  final  fracture  in  BHP. 

Conclusion 

In  this  study  textile  reinforced  SMC 
was  fabricated  to  improve  the  mechanical 
property  of  SMC,  furthermore,  to  reinforce 
around  the  hole.  Tensile  test  of  textile 
reinforced  SMC  with  a  circular  hole  with 
pin  was  conducted.  BHP  showed  the  highest 
tensile  property  of  all  types  of  the  specimen. 
Optical  microscopic  observation  was 
conducted  to  understand  microfracture  of 
the  specimen.  From  these  results,  usefulness 
of  braided  fabric  for  reinforcements  of  SMC 
by  the  continuous  fiber  around  the  hole  was 
confirmed. 
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Table  1  Tensile  property  of  textile  reinforced  SMC  with  a  pin 


Thickness 

(mm) 

1st  modulus 

(kN/mm*) 

SB 

Iftyrovement  ratio 

[knee  00] 

SHP 

■3EI51 

0.83 

0.28 

0.29 

0.88 

■m 

MM 

CHP 

KEM 

0.90 

0.39 

0.40 

1.59 

1.38 

MHP 

4.82 

0.80 

0.31 

0.30 

1.47 

1.06 

1.67 

BHP 

4.77 

0.95 

0.42 

0.37 

1.76 

1.30 

2.01 
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Abstract 

Continuous  fiber  reinforced  thermo¬ 
plastics  were  formed  into  cylindrical  and 
square  cups  by  using  the  newly  developed 
ironing-assisted  thermal  drawing  method. 
The  forming  limits  increases  with  decreasing 
fiber  contents  and  ironing  ratio.  By  the  addi¬ 
tion  of  ironing,  the  accuracy  in  diameter  and 
thickness,  and  the  surface  roughness  were 
remarkably  improved.  For  the  redistribution 
of  fiber,  the  radial  strength  uniformly  in¬ 
creases  with  increase  of  wall  position  from 
bottom. 

Key  Words:  Thermal  Drawing  with  Iron¬ 
ing-Assisted  ,  Continuous  Fiber  Reinforced 
Thermoplastics,  Forming  Limits,  Accuracy 
of  Product 

Introduction 

Since  a  plastic  sheet  reinforced  with 
continuous  fiber  or  long  fiber  has,  in  general, 
no  plastic  deformability,  it  is  thought  very 
hard  for  such  materials  to  be  formed  in  solid 
phase.  For  this  reason  some  thermoforming 
processes  for  continuous  fiber/thermoplastic 
composite  sheets  have  been  used  only  to  pro¬ 


duce  a  shallow  dish[l].  In  the  previous  pa¬ 
pers  [2  ~  4],  however,  authors  have  already 
suggested  that  such  long  /  fabric  fiber  rein¬ 
forced  materials  are  possible  to  be  deep 
drawn  into  various  shapes. 

In  the  present  paper,  a  newly  devel¬ 
oped  deep-drawing  of  ACM  or  FRTP  was 
successfully  investigated  to  produce  the  high 
quality  cylindrical  cup.  In  this  process,  the 
local  heating  of  flange  and  the  ironing,  that  is 
clearance  less  than  sheet  thickness,  are  most 
important  factors  for  the  uniform  draw-in.  As 
predicted  theoretically,  limiting  drawing  ratio 
(L.D.R.)  increases  with  decreasing  of  fiber 
volume  fraction.  The  accuracy,  surface 
roughness  and  tensile  strength  of  product 
were  confirmed  to  be  excellent,  too. 

Experimental 

Preparation  of  testing  materials 
Fabric  carbon  reinforced  polycarbonate  and 
polyetherimide  are  used.  As  illustrated  in 
Fig.l,  the  plain-weave  textiles  of  carbon  fiber 
and  PC  or  PEI  films  are  alternately  laminated 
to  a  given  fiber  content  ( v/\  7  types,  0~45.2 
vol%),  then  the  materials  are  press-molded  at 
elevated  temperatures  to  be  composite  sheets 
having  the  thickness  of  1.50  ±  0.05mm. 
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Deep  drawing  method 
Deep  drawing  with  ironing  was  conducted  by 
using  a  hydraulic  press  of  lOOkN  capacity,  as 
illustrated  in  Fig.2.  Electric  sheath  heaters, 
which  are  incorporated  in  the  dies  and  blank 
holder,  can  heat  locally  the  flange  materials. 

The  ironing  ratio  or  reduction  of  wall 
thickness  was  mainly  set  at  6.7%.  From  the 
clearance  (cl)  and  blank  thickness  (to),  the 
ironing  ratio  <t>o  is  written  as  the  following 
equation, 

(f)o  —1-cl  /  to=l-(dD-dr)  /  (2to)  (1) 

Results 


Formability 

Fig.3  shows  the  limiting  drawing  ratio  and 
the  possible  cup  depth  (h/dp).  From  the  figure, 
it  is  seen  that  both  Cf/PC  and  Cf/PEI  are 
applicable  for  the  process.  The  L.D.R.  is  uni¬ 
formly  lowered  as  the  fiber  content  is  in¬ 
creased,  because  the  distance  between  fiber 
clusters  is  expanded  and  therefore  the  flange 
can  shrink  in  the  direction  of  circumference 
easily  as  the  fiber  content  is  decreased.  The 
materials  of  v/  7.5%  were  confirmed  to  show 
the  highest  value  i.e.  7.14,  when  softened 
materials  break  on  punch.  In  case  of  vy  45.2%, 
the  L.D.R.  reaches  the  value  of  2.78,  while 
materials  with  no  fiber  have  less  formability 
because  of  easiness  of  necking  on  punch 
head. 

Characteristics  of  drawn  cup 
With  respect  to  the  usually  drawn  cup  of  Cf/ 
PC,  which  are  obtained  by  the  simple  deep 
drawing  (no  ironing),  the  change  of  outer 
diameter  is  great  in  the  range  from  the  top  to 
the  wall  and  also  the  diameters  of  0”  direction 
become  larger  than  those  of  45” .  In  addition, 
the  wall  thickness  increases  rapidly  with  low¬ 
ering  the  position  from  the  cup  shoulder. 
Such  distributions  are  never  expected  for  the 
product  characteristics.  In  contrast  with  this, 
generally  the  accuracy  of  the  product  is  re¬ 
markably  improved. 

The  examples  of  products  obtained  in 
accordance  with  the  individual  methods  are 


Fig.l  Constitution  of  materials 


Fig.2  Apparatus  for  ironing-assisted 
deep-drawing 


Limiting  drawing  ratio  0 

Fig.3  Increase  of  limiting  drawing  ratio 
and  cylindrical  cup  depth  with  decrease 
of  fiber  content 
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photographically  shown  in  Fig.4.  Here,  it  is 
clearly  noted  that  the  appearance  of  cup  is 
remarkably  improved  by  the  assistance  of 
ironing  and  also  no  influence  of  material  an¬ 
isotropy  on  the  flange  draw-in  is  there. 

The  surface  roughness  measured  at 
the  central  5mm  arc  on  the  cup  wall  of  Cf/PC 
are  shown  in  Fig.5.  With  the  cup  produced  by 
the  process,  Rmax  is  slightly  larger  as  the  fiber 
content  is  smaller.  For  instance  the  value  of 
45.2  vol%  Cf/PC  remains  in  a  range  from 
13.0  to  14.2/tm,  which  is  comparable  to  the 
original  value  (Rmax=3.8~4.2uni).  In  contrast 
with  this,  the  simply  drawn  cup  has  quite 
large  values,  for  example  90~380/im.  Hence 
it  is  concluded  that  the  assistance  of  ironing 
brings  forth  a  distinct  appearance  of  the 
smoothing  effect. 


Discussion 
Evaluation  of  process 

Because  of  its  strain  recovery,  the  one- 
operational  process  or  deep-drawing  with 
ironing  was  mostly  promising  to  make  a 
deepest  cup  of  plastics  composite  materials. 

Such  the  materials  have  strong  planar 
anisotropy  due  to  fiber  direction.  Hence  in 
case  of  simple  deep  drawing,  the  fiber  direc¬ 
tion  (0° )  is  apt  to  be  drawn  into  the  die  hole 
and  the  45°  direction  to  make  the  circumfer¬ 
ential  shrinkage.  This  means  that  not  only 
residual  flange  is  liable  to  be  formed,  but  also 
the  fiber  exposure  or  wall  breakage  by  the 
local  die  gall  is  likewise  liable  to  be  produced 
as  a  result  of  the  local  increase  of  thick¬ 
ness^]. 

Keeping  such  affairs  in  mind,  the 
blank  was  compelled  to  flow  homogeneously 
by  applying  of  the  ironing  to  the  deep  draw¬ 
ing.  Such  fruitful  outcomes  as  predicted  were 
obtained.  This  is  because  the  continuous  fiber 
is  strong  enough  to  exceed  the  flange 
shrinking  resistance  and  ironing  resistance 
and  therefore  the  flange  can  be  drawn  into  die 
hole. 

Forming  limit 

The  L.D.R.  can  be  obtained  theoretically  on  the 


(c)Witli  ironing  (d)With  ironing 

(vf=  7.5%)  (V/=  30.2%) 


Fig.4  Appearances  of  fabric  Cf/PC  cups 
formed  by  using  both  the  methods 


Fig.5  Comparision  of  surface  roughness 
of  formed  cup  wall  between  both  the 
drawing  methods  (J3o  :  drawing  ratio) 


principle  of  fiber  amount  constant,  as  fol- 
lows[5,6] ; 

j3 max  fmaxfVj )  (1-  (fro)  (2) 

In  the  theory  the  limiting  drawing  ratio  )3  max  is 
uniformly  decreased  with  increasing  ironing 
ratio  <2>  o  for  every  capable  fiber  contents. 
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Distribution  of  fiber  and  strength 
The  distribution  of  the  fiber  content  in  the 
formed  cups,  which  are  made  of  the  Cf/PC 
with  various  fiber  content  is  shown  in  Fig.6. 
It  is  seen  that  the  value  is  raised  by  the  aggre¬ 
gation  of  the  fiber  due  to  flange  shrinking  and 
by  the  extraction  of  plastics  to  brim,  and  the 
distribution  in  the  0°  direction  takes  a  little 
lower  values  on  the  wall  region  because  of 
the  extraction  effect  of  the  substrate  plastics 
than  that  in  the  45°  direction. 

Such  the  fiber  displacement  may  dis¬ 
tribute  the  strength  of  drawn  cup  wall.  For 
examples,  the  radial  tensile  strength  increases 
uniformly  as  the  position  comes  near  the  cup 
brim,  and  its  tendency  becomes  more  clear  in 
45°  than  in  0°  direction  due  to  the  fiber  gath¬ 
ering  effect,  while  the  circumferential 
strength  distributes  a  little. 

Conclusions 

A  novel  process  was  successfully  testi¬ 
fied  to  produce  a  deep  cup  of  fabric  carbon  rein¬ 
forced  plastics.  Results  are  obtained  as  follows; 

1)  By  deep-drawing  assisted  with  local  heating 
and  with  ironing,  sheets  of  PC  and  PEI  contain¬ 
ing  fabric  carbon  fibers  are  formed  successfully. 

2)  As  the  fiber  content  is  lowered,  the  limiting 
drawing  ratio  (L.D.R.)  goes  up  uniformly. 

3)  By  introducing  the  ironing  the  planar  aniso¬ 
tropy  of  sheet  has  almost  no  effect  on  deep- 
drawability. 

4)  The  product  possesses  higher  quality  such  as 
accuracy  in  diameter  and  thickness,  smooth 
surface,  and  higher  tensile  strength  in  radial  di¬ 
rection  than  that  of  usual  process. 
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ABSTRACT 

In  our  cultural  history,  textiles  of  the 
Nara  period  are  very  interested.  Various 
pattern  figures  are  drawn  in  the  textiles.  The 
geometric  properties  of  the  figure  give  much 
information  to  modem  people.  In  this  paper, 
we  paid  attention  to  geometric  properties  of 
pattern  figures  in  textiles.  Firstly,  the 
algorithm  of  analyzing  circle  pattern  figures 
was  investigated  and  the  measuring  tool  was 
developed.  It  was  considered  the  ratio  of  the 
size  of  each  circle  pattern  figure  in  a  textile. 
Moreover,  the  ratio  was  compared  with  the 
different  textiles.  The  regularity  of  the  ratio 
of  circle  pattern  figure  was  investigated. 

Key  Words:  Textiles,  Pattern  Figure, 
Geometric  Property,  Culture  Property 


1.  INTRODUCTION 

It  is  very  significant  to  investigate 
cultural  properties  on  the  7th  to  8th  century. 
They  have  influences  of  two  kinds  of 
cultures.  One  is  Japanese  culture  and  the 
other  is  Chinese  culture.  By  observing  the 
cultural  property,  it  is  possible  to  search  not 
only  the  skill  of  textiles  and  variations  of 
geometric  figures  but  also  the  idea  and 
feeling  of  the  ancient  people.  On  these 
precious  cultural  properties,  various 
researches  have  been  done  by  using 
information  technology. 

In  this  paper,  we  paid  attention  to 
pattern  figures  of  textiles  in  the  Nara  periods. 
In  drawing  pattern  figures  of  the  textile, 
there  are  beaded  medallion,  several  kinds  of 
circles  and  so  on.  Firstly,  it  aims  to  measure 
the  geometric  properties  of  these  pattern 
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figures.  The  algorithm  to  extract  geometric 
properties  was  investigated  and  the  tool  for 
the  analysis  was  developed.  Objective 
pattern  figures  were  often  included  some 
damage  and/or  many  parts  of  lost.  However, 
if  there  are  these  cases,  it  is  possible  to 
predict  total  geometric  properties  by  using 
this  tool.  Moreover,  the  geometric  feature 
and  ratio  of  various  circle  pattern  figures 
was  investigated. 


(a)  Nishiki  silk  with  facing  rhinoceroses 
in  a  beaded  medallion  design  on  a 
brown  ground  (Object  1). 


2.  OBJECTIVE  PATTERN  FIGURES 

Examples  of  objective  figures  in 
textiles  are  shown  in  Figure  1.  One  is 
Nishiki  silk  with  facing  rhinoceroses  in  a 
beaded  medallion  design  on  a  brown  ground 
(Object  1).  It  is  kept  in  Shosoin.  This  pattern 
figure  is  typical  Nishiki  silk  with  a  beaded 
medallion  design  of  Persian  origin  imported 
from  China.  It  has  lost  most  of  the  design. 
The  circles  around  beaded  medallion  have 
not  been  sharp.  Another  is  Nishiki  silk  with 
a  hunting  scene  in  a  beaded  medallion 
design  on  a  green  ground  kept  in  Shosoin 
(Object  2).  It  has  a  sharp  design.  Moreover, 
Nishiki  silk  with  a  hunting  scene  in  a  beaded 
medallion  design  on  a  light  blue  ground  kept 
in  Shosoin  and  Nishiki  silk  with  hunting 
lions  in  a  beaded  medallion  design  kept  in 
Horyuji  and  so  on  were  used  as  objects. 
Figure  2  shows  illustration  of  the  pattern 
figure.  We  paid  attention  to  the  beaded 
medallion  and  two  kinds  of  circles.  They 
were  called  the  inner  circle  and  the  outer 
circle,  respectively.  Geometric  properties  of 
these  figures  were  measured. 


(b)  Nishiki  silk  with  a  hunting  scene 
in  a  beaded  medallion  design  on  a 
green  ground  (Object  2). 

Fig.l  Examples  of  objective  pattern 
figures. 


<r 

Beaded  medallion 
Fig.2  Illustration  of  objects. 
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3.  MEASUREMENT  OF  GEOMETRIC 
PROPERTIES 

3.1  Measurement  procedure 

First  of  all,  pattern  figures  of  analogue 
image  in  printed  matter  were  used.  They 
were  digitalized  by  image  scanner.  And  then 
objective  circles  of  digital  images  were 
converted  into  numerical  datum  by  the 
binary  coded  processing.  Information  of 
geometric  properties  was  extracted  by  using 
the  developed  program. 

3.2  Algorithm  of  measurement 
Algorithm  of  measurement  was  able  to  find 
out  an  equal  oval  to  the  numerical  datum. 
The  flow  chart  of  the  algorithm  is  shown  in 
Figure  3.  Firstly,  center  position  and  radius 
of  circle  figure  are  predicted  based  on  the 
numerical  datum  in  consideration  of  the 
range  of  the  error.  By  referring  to  this 
prediction,  the  range  of  an  oval  of  breadth 
and  the  length  radius  is  appropriately  set. 
Next,  the  oval  was  drawn  on  the  numerical 

(  Start  ) 

_ i _ 

Reading  datum 

—  » 

Prediction  of  radius  and 
center  position 

V 

Setting  oval  and  drawing 

T  - 

Evaluation  of  closely  curves 

»  - 

Making  the  results  fde 

V  ~ 

(  End  ~) 

Fig.3  Flow  chart  of  the  algorithm. 


datum.  With  setting  value,  breadth  and 
length  radius  are  varied  gradually, 
respectively.  Here,  each  oval  was  evaluated 
approximation  degree  to  the  numerical 
datum.  In  the  beginning,  the  straight  line 
which  predicted  center  position  of  circle 
pattern  figure  is  connected  with  the 
numerical  datum  curve  was  noticed.  In 
addition,  intersection  of  both  this  straight 
line  and  drawing  oval  is  calculated. 
Therefore,  distance  between  intersection  of 
numerical  datum  curve  (point  a)  and  that  of 
drawing  oval  (point  b)  is  calculated.  Figure 
4  shows  distance  calculation  between 
intersections.  The  distance  is  calculated  by 
using  all  numerical  data.  All  the  distances 
are  totaled.  This  processing  is  done  for  each 
drawing  oval.  The  drawing  oval  with  the 
minimum  total  of  the  distance  is  the 
optimum  approximation  curve  of  the 
numerical  datum  curve. 


Fig.4  Distance  between  intersections. 

4.  RESULTS  OF  MEASUREMENT 

Figure  5  shows  an  example  of  result 
by  processing  the  developed  algorithm.  It  is 
confirmed  that  the  optimum  approximation 
curve  is  very  closely  to  the  numerical  datum 
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curve  of  circle  figure.  It  is  considered  that 
the  developed  algorithm  is  useful  for  the 
analysis  of  geometric  properties  of  pattern 
figures. 


Fig. 5  Example  of  comparison  of  numerical 
datum  and  approximation  oval. 

In  the  cases  of  object  1  and  2,  the 
ratios  of  oval  radius  were  calculated  by 
transverse  radius  over  longitudinal  radius. 
Table  1  shows  the  radius  ratio  of  each  circle. 
In  the  case  of  object  1,  the  outer  and  the 
inner  circle  are  a  little  sideways  flat. 
However,  the  beaded  medallion  is  almost  the 
perfectly  circle.  In  the  case  of  object  2,  all 
circles  are  almost  the  perfectly  one.  It  is 
considered  that  the  circle  pattern  figures 
were  drawn  as  the  perfectly  circle. 


Table  1  Radius  ratio  of  each  circle. 


Outer 

circle 

Inner 

circle 

Beaded 

medallion 

Object  1 

1.72 

1.72 

0.78 

Object  2 

1.24 

1.05 

1.22 

5.  DISCUSSIONS 

The  correlation  of  the  outer  circle, 
the  inner  circle  and  the  beaded  medallion  in 
each  object  was  investigated.  Table  2  shows 


correlation  of  each  circle.  Here,  the  ratios  of 
radius  of  each  circle  were  calculated  based 
on  the  radius  of  outer  circle.  When  the 
radius  of  the  outer  circle  express  as  1,  the 
inner  circle  and  the  beaded  medallion 
express  as  about  0.8  and  0.1  respectively.  It 
is  considered  that  there  is  the  regularity  of 
the  ratio  of  each  circle  in  the  pattern  figure 
of  culture  properties.  The  figure  that  the 
ancient  people  created  is  accepted  as 
beautiful  shape  at  the  present  age.  It  is 
thought  that  finding  such  a  relation  gives 
one  factor  in  the  making  design. 

Table  2  Correlation  of  each  circle. 

Outer  .  Inner  .  Beaded 
_ circle  ‘  circle  '  medallion 

Object  1  1  :  0.79  :  0.084 

Object  2  1  :  0.86  :  0.13 


6.  CONCLUSIONS 

It  is  possible  to  measure  the 
geometric  properties  of  pattern  figures  in 
textile  by  the  developed  algorithm.  It  is 
cleared  that  each  circle  figure  in  different 
textiles  was  drawn  by  constant  ratio. 

In  future  work,  the  regularity  of  the 
geometric  properties  in  textiles  on  various 
regions  is  investigated.  Moreover,  it  is 
considered  the  sensibilities  of  both  ancient 
and  modern  people  on  the  regularity. 
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Abstract 

There  are  significant  advantages  to  be  gained 
in  Electron  Beam  (EB)  processing  of 
composite  materials  over  conventional 
thermal  curing.  Composite  cured  by  EB  can 
achieve  the  easy  material  handling  and  short 
curing  time.  In  this  study,  EB  cured  plain 
woven  reinforced  epoxy  composite  was 
fabricated  and  Mode  I  fracture  toughness  test 
was  performed  to  investigate  the  interfacial 
properties.  As  a  result,  stable  crack 
propagation  behavior  and  sub  cracks,  which 
are  due  to  poor  interfacial  properties,  were 
observed.  It  indicated  that  the  interfacial 
properties  of  EB  cured  composite  were 
extremely  low. 

Key  Words:  Electron  beam  cure.  Mode  I 
fracture  toughness  test,  textile  composite, 
interface 

Introduction 

There  are  significant  advantages  such 
as  non-thermal  and  nonautclave  curing, 
shorter  curing  time,  and  lower  energy 
requirements,  to  be  gained  in  Electron 
Beam(EB)  processing  of  composite  materials 
over  conventional  thermal  curing. 
Particularly,  for  textile  composite  EB  curing 
system  would  provide  an  important 
advantage.  One  of  the  most  important 
problems  in  textile  composite  is 


impregnation.  Using  EB  curing  system,  the 
impregnation  and  curing  procedures  can  be 
separated,  and  enough  time  can  be  spent  to 
impregnate  completely.  In  addition,  thermal 
stress  can  be  reduced.  When  processing 
thick  products  using  textile  composite, 
thermal  stress  is  large  in  the  case  of  thermal 
curing.  On  the  other  hand,  EB  curing  can 
overcome  this  problem.  Hence,  the  EB 
curing  process  is  suitable  for  textile 
composite. 

•In  composite,  it  is  well  known  that 
interfacial  properties  affect  the  properties  of 
whole  composite.  In  the  textile  composite, 
particularly  in  woven  fabric  reinforced 
composite,  the  initial  damage  occurs  at 
interface.  Therefore  it  should  be  very 
important  to  understand  interfacial  properties 
to  achieve  the  high  mechanical  performance 
of  composite. 

In  this  study,  EB  cured  woven  fabric 
composites  were  fabricated  and  the 
interfacial  properties  were  investigated.  We 
have  been  considering  the  several  interfaces, 
that  is,  interface  around  single  filament, 
interface  in  fiber  bundle,  interface  around 
fiber  bundle,  and  interface  between  lamina. 
Interfacial  properties  between*  lamina  were 
focused  in  this  study.  It  was  discussed  using 
Mode  I  fracture  toughness  test  with  double 
cantilever  beam  specimen.  The  crack 
propagation  behavior  was  precisely  observed 
by  microscope. 
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Experimental 

Materials 

Epoxy  silane  treated  plain  woven  glass  cloth 
(Nittobo,  WE18W)  was  used  as 
reinforcement.  Matrix  resin  used  is 
Bisphenol  A  type  epoxy  resin  (Epicote  828, 
Yuka  shell  epoxy  Co.  Ltd.)  and  cationic 
photoinitiator 

(phenil-p-octyloxyphenil-iodoniumhexafluor 
oantimonate,  OPPI,  General  Electric  Co.).  To 
give  toughness  to  the  resin, 
l,4-bis[(3-ethyl-3-oxetanylmethosy)methyl] 
benzen,  (XDO),  was  added. 

XDO  and  OPPI  were  mixed  with  the 
epoxy  resin,  and  then  it  is  impregnated  to  the 
fabric  in  a  vacuum  chamber.  18  plies  and 
3mm  thick  double  cantilever  beam  specimen 
with  pre-crack  were  prepared  for  Mode  I 
fracture  toughness  test.  EB  curing  was 
performed  with  an  electron  beam  which  was 
produced  by  an  accelerator  with  energy  of 
lOMeV.  Figure  1  shows  schematics  of  EB 
curing  facility.  Specimens  were  put  on  a  tray 
on  a  conveyer,  and  EB  is  rayed  to  the  samples 
during  passing  below  horn  under  accelerator. 
Rayed  dose  can  be  controlled  by  changing 


the  speed  of  conveyer  system.  1 50  kGy  was 
totally  rayed  with  a  combination  of  lOkGy  3 
pass  and  30kGy  4  pass. 

Mode  I fracture  toughness  test 

Mode  I  fracture  toughness  test  was 
performed  using  INSTRON  universal  testing 
machine(Type  4206)  according  to  JIS  K7086. 
The  testing  speed  was  set  at  lmm/min.  After 
the  test,  the  cross-section  of  the  specimen 
along  the  crack  was  observed. 

Results  and  discussion 

Figure  2  shows  the  load-crack 
opening  displacement  curve.  The  load 
reached  the  maximum  value  and  then 
decreased  gradually.  Figure  3  shows  R  curve 
obtained  from  figure  2  and  crack  length 
measured  during  test.  The  fracture  toughness 
of  crack  initiation  was  0.18  J/m2,  whereas 
that  of  thermal  cured  composite  is  0.30  J/m2. 
Figure  4  and  5  show  the  result  of  cross 
sectional  observation  and  schematic 
illustration  of  crack  propagation  behavior 
respectively.  The  main  crack  propagated  at 
the  interface.  The  load-crack  opening 


Figure  I  Facility  for  electron  beam  curing 
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Figure  3  R  curve. 


displacement  curve  shown  in  figure  2  and  the 
crack  propagation  behavior  shown  in  figure  4 
and  5  were  due  to  stable  crack  propagation. 
The  crack  propagation  behavior  depends  on 
the  fracture  toughness  of  interphase  and 
resin[l-3].  When  the  fracture  toughness  of 
interphase  is  higher  than  that  of  resin,  the 
crack  propagated  into  resin  area,  and  the 


crack  propagation  behavior  is  unstable.  On 
the  other  hand,  when  the  fracture  toughness 
of  resin  is  higher  than  that  of  interphase, 
namely  the  interfacial  adhesion  is  poor,  the 
crack  propagated  along  glass  cloth,  in  other 
words,  at  interphase.  Therefore,  the  stable 
crack  propagation  behavior  indicated  that  the 
interfacial  adhesion  in  EB  cured  composite 
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Figure  4  Cross  sectional  observation 


Crack  propagation 


Figure  5  Schematic  illustration  of  crack  propagation  behavior 


was  poor. 

In  addition,  not  only  a  main  crack  but 
also  sub  cracks  were  observed  in  figure  4  and 
5.  Cracks  were  observed  in  the  fiber  bundle 
and  around  the  fiber  bundle.  The  cause  of  the 
sub  cracks  would  be  also  the  poor  interfacial 
adhesion  both  in  and  around  fiber  bundle. 

It  is  reported  that  the  EB  cured  epoxy  resin 
has  low  fracture  toughness,  and  the  great 
effort  have  been  made  to  obtain  higher 
fracture  toughness.  When  the  fracture 
toughness  of  resin  is  low,  it  is  expected  that 
the  crack  tends  to  propagate  into  resin.  From 
this  point  of  view,  the  poor  interfacial 
properties  in  EB  cured  composite  were 
emphasized.  It  is  well  known  that  the 
interfacial  properties  affect  the  properties  of 
whole  composite.  Therefore,  to  obtain 
higher  mechanical  properties  of  EB  cured 
composite,  the  improvement  of  interfacial 
properties  should  be  suggested  in  addition  to 


the  improvement  of  fracture  toughness  of 
resin. 

Conclusions 

EB  cured  woven  fabric  composites 
were  fabricated  and  the  interfacial  properties 
were  investigated  using  Mode  1  fracture 
toughness  test  using  double  cantilever  beam 
specimen.  The  stable  crack  propagation 
behavior  and  sub  crack  were  observed.  It 
indicated  that  the  interfacial  adhesion  in  EB 
cured  composite  was  poor. 
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Abstract 

Acid  stress  corrosion  behavior  of  E  or  C  glass 
cloth  reinforced  vinyl  ester  resin  has  been  investi¬ 
gated  using  CT  specimen.  Basically  E  glass  fibers 
easily  degrade  in  acid  solution,  whereas  C  glass 
fibers  are  unti-corrosive  fibers.  It  is  expected  that 
interfacial  problems  become  an  important  issue  in 
the  case  of  C  glass  fiber  reinforced  composite  par¬ 
ticularly  in  long  time  service.  On  the  fracture  sur¬ 
face  of  CT  specimen  after  immersion  in  acid  solu¬ 
tion  the  cracks  initiating  from  inside  of  fiber  bundles 
were  often  observed  in  our  previous  paper.  In  this 
paper  modified  CT  specimen  in  which  warp  fiber 
bundle  were  removed  near  crack  tip  in  order  to 
make  observation  of  cracks  from  inside  of  weft  fi¬ 
ber  bundle  easier. 

Keyword 

CT  test,  interfacial  degradation,  C-glassfiber, 
fractography 

Introduction 

Fiber  reinforced  thermosetting  matrix  composite 
(FRP)  has  been  in  adversity  against  ecological 
movement  in  recent  days,  because  easy  recycling 
materials  are  very  friendly  to  the  earth.  However 
in  the  civil  engineering  field  long  life  construction 
requires  FRP  particularly  in  rehabilitations  of  con¬ 
crete  columus  and  sewage  repair,  moreover  pipe, 
fan  and  tank  in  acid  environments.  Therefore,  FRP 


has  been  still  important  material  system  in  our  so¬ 
cial  life.  In  acid  environment  acid  stress  corrosion 
was  very  sevior  problem.  Intesead  of  E  glass  fi¬ 
bers,  C-glass  fibers  which  is  anti-corrosive  fibers, 
should  be  used  in  such  applications.  Data  base  of 
C-glass  fiber  reinforced  composites,  however,  is 
quite  small  [1 ,2] .  In  order  to  establish  design  guide¬ 
line  of  C-glass  fiber  composites  we  started  creep 
test  in  acid  solution.  Gradually  fracture  mecha¬ 
nism  of  C-glass  fiber  composites  has  been  cleared 
[3].  Basically  elastic  modulus  and  tensile  strength 
of  C-glass  fiber  are  lower  than  those  of  E-  glass 
fiber.  In  acid  environments  C-glass  never  corrodes, 
however,  interfacial  degradation  occurrs  and  this 
phenomena  determined  the  life  of  the  products  of 
C-glass  composite.  In  CT  specimen  under  acid 
environments  we  observed  the  cracks  initiating 
from  inside  of  warp  fiber  bundle  which  was  aligned 
to  crack  propagation  direction.  This  generation  of 
cracks  intimate  degradation  of  interfacial  proper¬ 
ties  inside  of  fiber  bundle  and  observation  of  these 
cracks  in  more  detail  is  key  to  open  the  under¬ 
standing  of  degradation  behavior  of  C-glass  com¬ 
posites.  In  normal  CT  specimen  the  fracture  sur¬ 
face  is  very  rough  because  of  pulled-out  warp  fi¬ 
ber  bundle,  so  that  it  is  very  difficult  to  identify  in¬ 
terfacial  cracks.  In  this  paper  we  used  modified 


765 


CT  specimen  in  which  warp  fiber  bundle  were  re¬ 
moved  near  crack  tip.  Accordingly  the  crack 
propagated  inside  or  between  weft  fiber  bundle  and 
the  fracture  surface  would  be  very  smooth.  It  was 
expected  that  cracks  initiating  from  inside  of  weft 
fiber  bundle  could  be  easily  observed. 

Materials  and  specimen 

Material  used  in  this  paper  was  C-glass  cloth  sup¬ 
plied  from  Mie  txtile  Co  as  reinforcement  and  vinyl 
ester  resin  supplied  from  Showa  Highpolymer  Co., 
Ltd.,  Japan  was  used  as  matrix.  E-glass  fiber  cloth 
was  also  used  for  comparison.  Normal  CT  speci¬ 
men  was  cut  out  from  the  panel  fabricated  by  hand 
lay  up  method  with  6  mm  of  thickness  (24  ply). 
The  specimen  geometry  is  shown  in  Fig.l .  In  the 
proposed  specimen  warp  fiber  bundle  were  re¬ 
moved  before  fabrication  of  the  panel.  The  area 
without  warp  fiber  bundle  was  10  mm  from  crack 
tip  as  shown.  The  tensile  load  was  applied  to  the 
pins  at  0.5mm/sec  of  cross  head  speed  at  room 
temperature  under  normal  air  condition. 

SEM  observation  of  fracture  surface 

Fig.2  shows  SEM  fractographic  photographs  of  E 
and  C  glass  composites  by  using  normal  CT  speci¬ 
men  in  which  warp  fiber  bundle  were  not  removed. 
The  most  characteristics  feature  is  the  pulled-out 
warp  fiber  bundle.  The  length  of  pulled-out  fibers 
and  its  distribution  from  crack  tip  would  be  useful 
information  to  understand  fracture  mechanism.  In 
the  case  of  E-glass  fiber  composites  after  immers¬ 
ing  under  acid  environments  the  length  of  pulled  out 
fiber  decreased  and  fracture  surface  became  smooth 
.  On  the  other  hand  in  the  case  of  C-glass  fiber 
composites  even  after  long  immersion  tests  the 
length  of  pulled  out  warp  fiber  bundle  were  still  long 
and  the  rough  fracture  surface  was  observed  Ap¬ 
parently,  degradation  of  C-glass  fiber  composites 
could  not  be  understood  by  observation  of  state  of 
warp  fiber  bundle.  According  to  our  precise  ob¬ 
servation  of  fracture  surface,  the  cracks  initiating 


from  inside  of  weft  were  detected  as  shown  in  Fig.2. 
In  the  case  of  rough  fracture  surface,  it  was  difficult 
to  pay  attention  to  those  cracks,  because  these 
cracks  often  existed  behind  of  warp  fiber  bundles. 
Fig.3  shows  the  fracture  surface  of  modified  CT 
specimen.  Only  weft  fiber  bundle  were  observed 
and  it  was  easy  to  identify  the  cracks  from  inside  of 
weft.  In  comparison  between  C-glass  composite 
and  E-glass  composites  number  of  these  cracks  is 
larger  in  C-glass  composites.  Therefore  the  inter¬ 
facial  properties  as  C-glass  composite  was  com¬ 
paratively  lower  than  that  of  E-glass  composites. 
Initially  we  detected  these  cracks  in  C-glass  speci¬ 
men  after  immersion  of  acid  environments  by  using 
normal  CT  specimen.  It  was  supposed  that  inter¬ 
facial  degradation  occurred  in  C-glass  composites 
by  acid.  However,  in  this  paper  many  of  cracks 
were  observed  even  in  air  condition  by  using  modi¬ 
fied  CT  specimen.  The  difference  of  interfacial 
properties  of  C  and  E-glass  composites  might  de¬ 
pend  on  composition  of  fiber  or  another  possible 
reason  might  be  that  surface  treatment  on  the  C- 
glass  fibers  is  not  optimized.  In  long  term  usage  in 
acid  environments  the  interfacial  degradation  would 
be  the  most  important  issue  in  C-glass  fiber  com¬ 
posites.  The  modified  CT  specimen  proposed  in 
this  paper  would  be  useful  to  identify  these  cracks 
and  it  leads  to  well  understanding  of  fracture  be¬ 
havior  of  C-glass  fiber  composites.  Further  modi¬ 
fied  CT  specimen  will  be  used. 

Conclusions 

In  order  to  understand  fracture  mechanisms  of 
C-glass  fiber  composites  under  acid  environ¬ 
ments  we  proposed  modified  CT  specimen  in 
which  warp  fiber  bundles  were  removed  near 
crack  tips.  This  specimen  enables  easy  observa¬ 
tion  of  cracks  initiating  from  inside  of  weft  fiber 
bundle  which  means  interfacial  degradation.  It 
was  explained  that  the  modified  CT  specimen 
would  be  useful  to  understand  interfacial  degra¬ 
dation. 
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(b)  C  specimen 

Fig.2  Fracture  surface  of  normal  CT 
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(b)  C  specimen 

Fig.3  Fracture  surface  of  modified  CT  specimen 
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Abstract 

The  interphase  between  fiber  and  matrix  has 
a  very  important  role,  which  includes  the 
load  transmission  between  fiber  and  matrix. 
In  this  study,  the  effect  of  interphase 
characteristics  on  the  macroscopic  behavior 
of  plain  woven  laminates  were  most 
concerned.  Basic  mechanical  properties  of 
plain  woven  fabric  composites  with  flexible 
interphase  were  evaluated  experimentally. 
The  effect  of  interphase  thickness,  which 
corresponded  to  the  resin  concentration  in 
solution,  on  the  cyclic  properties  were 
clarified. 

Key  Words:  Flexible  Interphase,  Plain 
Woven,  Static  loading,  Cyclic  loading. 

Introduction 

Interface  properties  affect  mechanical 
properties  of  fiber  reinforced  plastics  (FRP) 
[1-3].  Various  methods  to  improve  the 
adhesion  between  fiber  and  matrix  were 
developed.  Recently,  the  concept  of 
interphase  has  been  recognized.  That  is, 
interface  between  fiber  and  matrix  is  not  two 
dimensional  plane  but  three  dimensional 
region  which  has  some  volume.  It  is  difficult 
to  control  the  interphase  properties,  such  as 
thickness,  modulus  and  so  on,  and 


understand  effects  of  interphase  on  the 
mechanical  properties  of  laminates. 

In  the  present  study,  we  develop  the 
method  to  fabricate  woven  fabric  composites 
with  flexible  interphase.  Static  and  cyclic 
tensile  tests  were  conducted  to  clarify  the 
effect  of  the  interphase  properties  on  the 
mechanical  properties  of  laminates. 

Experiments 

Materials 

E-glass  plain  woven  fabric  (WE18W,  Nitto 
Boseki  Co.,  Ltd)  with  0.4wt%  epoxy  silane 
treated  was  used  for  a  reinforcement.  Epoxy 
resins  were  used  for  matrix  and  flexible 
interphase,  Epikote  828  and  Epikote  871 
(both  Yuka  Shell  Epoxy  Co.,  Ltd).  Epikote 
871  has  lower  tensile  modulus  and  higher 
ultimate  strain  than  Epikote  828  and  it  was 
regarded  to  have  more  flexible  properties 
than  Epikote  828.  Hardeners  were 
4,4-diaminodiphenylsulfon  (DDS)  and 
1,2-diaminopropane  for  Epikote  828,  871 
respectively. 

Fabrication  process  of  prepreg  with 
flexible  interphase  was  the  conventional 
wetting  method.  First,  the  woven  fabric  was 
dipped  into  the  mixture  of  Epikote  871  with 
1,2-diaminopropane  hardener  and  acetone. 
The  acetone  dilution  had  low  viscosity  for 
easy  impregnation  into  the  fiber  bundles. 
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The  woven  fabric  was  dried  at  65°C  for  40 
minutes  and  B-stage  prcpreg  with  flexible 
interphase  was  obtained.  The  resin 
concentration  in  acetone  solution  was  varied 
among  0, 1, 3,  and  5wt%. 

Second,  woven  fabric  was  immersed 
into  matrix  resin  bath.  Here,  the  hardener  for 
matrix  resin  was  dissolved  in  acetone  and 
methyl  cellosolve.  Before  the  immersion  of 
woven  fabric,  matrix  resin  and  hardener 
diluted  with  acetone  were  left  in  a  vacuum 
chamber  for  6  hours  to  remove  the  acetone 
well.  The  woven  fabric  impregnated  into 
Epikote  828  was  prepregnated  at  130°C,  40 
minutes.  5plies  woven  fabric  composites 
were  fabricated  by  air-bag  fabrication 
method.  Curing  condition  of  composites  was 
at  180°C  for  120min. 

Laminates  fabricated  by  the  above 
process  were  cut  using  diamond  saw  to  make 
specimens.  Specimen  geometry  is  shown  in 
Figure  1. 

Static  and  Cyclic  Tensile  Tests 
Static  tensile  tests  were  conducted  using 
universal  testing  machine  under  displace 
control  condition.  Cross  head  speed  was 
0.5mm/min  which  corresponds  to  strain  rate 
0.007%/scc.  Cyclic  tensile  tests  were 
conducted  using  electro-hydraulic  testing 
machine.  Loading  rate  was  40kgf/scc  which 
corresponds  to  strain  rate  0.09%/sec. 
Maximum  stress  level  was  240  MPa  for  each 
specimen,  at  which  transverse  cracks  in  weft 
fiber  bundles  go  through  the  thickness.  In 
both  static  and  cyclic  tensile  tests,  strain  was 
measured  by  extensometer.  Tests  were 
continued  until  final  failure. 

Results  and  Discussion 

Static  Tensile  Tests 

Figure  2  shows  typical  stress-strain 
relationship  for  each  specimen.  There  are 
nonlinear  relationship  in  stress-strain 
behavior  at  early  stage.  This  corresponds  to 
initial  damage  initiation  [4].  Table  1  shows 
average  value  of  each  property.  Tensile 


strength  of  specimens  with  flexible 
interphase  were  larger  than  without 
interphase,  which  indicate  the  effectiveness 
of  flexible  interphase  on  the  tensile 
properties.  Each  property  becomes  fine 
values  at  3%wt,  so  3%<wt  is  most  suitable  for 
the  present  material  system  in  case  of 
applying  to  components  under  tensile 
loading. 

Cyclic  Loading 

Figure  3  shows  the  relation  between  Young's 
modulus  and  number  of  cycles.  Damages 
initiate  at  first  cycle  in  all  specimen,  which 
results  in  large  decrease  in  Young's  modulus. 
Modulus  reduction  arc  considered  to 
correspond  to  damage  initiation  and  progress. 
3wt%  specimen  has  largest  modulus  under 
fatigue  loading.  That  is,  3wt%  concentration 
is  most  suitable  to  improve  fatigue  damage 
resistance. 

Figure  4  shows  SEM  photographs  of  fracture 
surfaces  of  each  specimen.  Smooth  fiber 
surface  were  observed  in  0wt%  and  lwt%. 
On  the  other  hand,  resin  were  attached  to  the 
fiber  in  3wt%<  and  5wt%.  We  cannot 
recognized  the  fracture  of  3wt%  and  5wt%- 
specimens  initiated  at  whether  interphase  or 
matrix.  Fracture  mode  changed  from 
intcrfacial  fractures  in  0wt%  and  lwt%  to 
matrix  fracture  in  3%wt  and  5%wt,  which 
means  the  improvement  in  fatigue  damage 
resistance  is  attributed  to  transition  of  the 
failure  mode. 

Conclusions 

The  method  to  fabricate  woven  fabric 
composites  with  flexible  interphase  was 
developed.  The  results  of  static  and  cyclic 
tensile  tests  indicate  3wt%  concentration  of 
the  solution  was  most  suitable  to  improve  the 
properties  of  woven  fabric  laminates. 
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Table  1  Material  properties 


Young's 

Modulus 

(GPa) 

Strength 

(MPa) 

Maximum 

Strain 

(%) 

0wt% 

23.7 

317 

1.59 

lwt% 

24.1 

336 

1.60 

3wt% 

24.8 

338 

1.67 

5wt% 

23.6 

336 

1.68 

(unit:mm) 
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Figure  1  Specimen  geometry. 
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Figure  3  Young's  modulus  as  a  function  of 
number  of  cycles. 


Figure  2  Typical  stress-strain  curve. 
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(c)  3wt% 


(d)  5wt% 


Figure  4  Results  of  SEM  observation. 
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Abstract 

Knee  point  found  on  the  stress-strain 
curve  of  tensile  test  was  used  to  quantitative 
evaluation  of  interphase  properties.  Glass 
plain  woven  fabric  treated  with  different 
concentration  of  acryl  silane  was  used  for 
reinforcement,  and  the  matrix  resin  was 
vinylester.  One  ply  composite  was  prepared, 
and  static  tensile  test  was  performed. 

Two  kind  of  knee  point  was  identified 
on  the  stress-strain  curve  by  least  squares 
method.  Strain  energies  were  calculated 
from  the  1st  and  2nd  knee  point  stress  and 
strain.  It  was  confirmed  that  the  1st  knee 
point  shows  the  interfacial  strength,  and  the 
energy  between  the  1st  and  2nd  knee  point 
indicates  the  fracture  toughness  of  interface 
inside  of  fiber  bundle. 

Key  Words:  Initial  Fracture  Behavior,  Knee 
Point,  Woven  Fabric  Composite,  Interphase 
Property. 

Introduction 

It  has  been  clarified  that  knee  point 
on  the  stress-strain  curve  can  be  used  for 
quantitative  evaluation  of  initial  fracturefl]. 
Initial  fracture  of  woven  fabric  composites 
was  confirmed  to  be  transverse  crack,  that  is, 
fracture  at  interface  inside  of  fiber  bundle. 


Consequently,  knee  point  on  stress-strain 
curve  is  also  considered  to  be  used  for 
quantitative  evaluation  of  interphase  inside 
of  fiber  bundle. 

In  this  study,  in  order  to  investigate 
the  interfacial  property,  tensile  tests  of  1  ply 
composites  with  different  concentration  of 
silane  coupling  agent  were  performed.  Knee 
point  was  determined  on  the  stress-strain 
curve  by  least  squares  method.  Next,  initial 
fracture  stress  and  strain  energy  were 
calculated  and  interfacial  property  was 
discussed  using  these  results. 

Micro  fracture  behavior 

As  previous  study,  tensile  testing  of  1 
ply  composites  was  performed  and  stress  and 
strain  at  the  knee  points  and  the 
corresponding  fracture  process  was 
discussed[l].  On  the  stress-strain  curve,  two 
kinds  of  knee  point  were  found  as  shown  in 
Fig,l.  During  the  tensile  tests,  the  testing 
machine  was  periodically  stopped  and 
observation  of  transverse  cracks  in  weft  fiber 
bundles  using  optical  microscopy  was 
performed. 

Figure  2  shows  the  fracture  aspect  by 
optical  microscopic  observation.  Transverse 
cracks  appeared  in  weft  fiber  bundles,  and 
the  number  of  the  cracks  increased,  and  the 
crack  was  enlarged  with  increasing  the  strain. 
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The  initiation  of  transverse  crack 
appeared  at  the  1st  knee  point  and  when  the 
initiated  crack  propagated  throughout  the 


400, 
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Fig.  1  Knee  points  on  the  stress-strain  curve. 


weft  fiber  bundle  the  2nd  knee  point  occurs 
as  shown  in  Fig.3. 

Materials 

Materials  used  in  this  study  were 
plain  glass  woven  fabrics  (WE18W:  Nitto 
Boseki  Co.,  Ltd.,  Japan)  as  reinforcement 
with  0.01,  0.4  and  1.0  wt%  acryl  silane 
coupling  agent  and  vinyl  ester  resin  (R-806; 
Showa  Highpolymer  Co.,  Ltd.,  Japan)  as  the 
matrix  resin.  The  room  temperature  catalyst 
used  was  0.7  phr  methylethylketoneperoxide 
(MEKPO).  1  ply  woven  fabric  composite 
was  fabricated  for  tensile  test  to  detect  the 
onset  and  growth  of  transverse  cracks  clearly. 


Tensile  direction 

< - * 


2.0  % 


Fig.  2  Fracture  aspect. 
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Knee  point  stress 


Fig.  3  Fracture  process. 


Knee  point  energy 


Figure  4  shows  the  change  in  knee 
point  stress  with  silane  concentration.  The 
1st  knee  point  stress  of  0.4wt%  specimen 
shows  the  highest  value.  As  increasing  the 
coupling  agent  concentration,  the  1st  knee 
point  stress  was  decreased.  It  is  supposed 
that  there  is  an  optimum  concentration  for  the 
interfacial  property.  This  phenomenon  could 
be  observed  in  case  of  single  fiber  embedded 
test  [2].  On  the  other  hand,  the  2nd  knee 
point  stress  decreased  with  increasing  the 
concentration. 


Concentration  (%) 
Fig.  4  Knee  point  stress. 


Strain  energies  were  calculated  from 
the  1  st  and  2nd  knee  point  stress  and  strain. 
Here,  the  strain  energy  was  defined  as  the 
area  under  stress-strain  curve.  As  mentioned 
before,  initiation  of  cracks  appeared  at  the  1st 
knee  point,  and  the  cracks  propagate 
throughout  the  weft  fiber  bundle  at  the  2nd 
knee  point.  Thus,  strain  energy  until  the  1st 
knee  point  represents  the  energy  for  the 
initiation  of  crack,  the  energy  between  the  1st 
and  2nd  knee  point  is  the  energy  for 
propagation  of  the  crack,  which  is  considered 
to  indicate  the  fracture  toughness  of  interface 
inside  of  fiber  bundle. 

Figure  5  shows  the  relationship 
between  each  strain  energy  and  the  silane 
concentration.  In  the  case  of  0.4wt%,  energy 
until  the  1st  knee  point  shows  the  highest 
value  as  well  as  knee  point  stress.  On  the 
other  hand,  energy  between  the  1st  and  2nd 
knee  point  decreased  in  the  order  of  0.01 , 0.4, 
and  1 .0wt%. 

Discussion 

We  often  use  “optimum”  surface 
treatment  on  the  fibers  discussing  composite 
properties.  However,  the  meaning  of 
“optimum”  has  not  always  been  cleared, 
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Fig.  5  Knee  point  strain  energy. 


because  there  are  various  kinds  of  composite 
properties,  and  strictly  speaking,  “optimum” 
surface  treatment  should  be  different 
corresponding  to  composite  properties.  In 
this  paper  we  propose  1  st  and  2nd  knee  point 
to  evaluate  interphase  properties  inside  of 
fiber  bundle.  Regarding  the  1  st  knee  point,  it 
should  be  considered  that  interfacial  strength 
could  be  evaluated.  The  dependence  on 
concentration  of  silane  coupling  agent  could 
be  explained  by  the  same  discussion  which 
was  made  on  the  results  of  single  fiber 
embedded  specimen  [2], 

For  2nd  knee  point,  interfacial 
fracture  toughness,  which  is  not  same  as 
strength,  might  be  evaluated  from 
phenomenological  viewpoints,  because  crack 
generated  at  the  surface  of  weft  fiber  bundle 
propagated  throughout  the  inside  of  fiber 
bundle  between  1st  and  2nd  knee  point.  In 
this  consideration  strain  energy  between  1st 
and  2nd  knee  point  would  be  important.  As 
shown  in  Fig.6  the  energy  value  of  0.01  wt% 
was  the  highest.  We  made  the  discussion  in 
two  different  ways  as  follows. 

Assuming  that  crack  propagate  along 
the  interface  between  silane  coupling  agent 
and  matrix,  crack  in  0.01  wt%  with  lower 
interfacial  strength  propagates  easily,  and 
might  show  lower  energy  value.  On  the  other 
hand,  assuming  that  crack  propagate  inside  of 
interphase,  since  cross  linking  density  around 
glass  fiber  become  higher  with  increase  in 
silane  coupling  agent,  fracture  toughness  of 
interface  become  lower  and  crack  propagate 


in  brittle  manner.  This  leads  lower 
propagation  energy.  Thus,  the  results  that  the 
higher  energy  of  0.01  wt%  and  lower  energy 
of  1 .0wt%  convey  that  crack  propagate  inside 
of  interphase.  From  phenomenological 
viewpoints,  the  latter  discussion  explained 
properly  the  experimental  results,  interfacial 
fracture  toughness  of  1 .0wt%  is  the  lowest. 

Conclusion 

In  this  study,  in  order  to  investigate 
the  interfacial  property,  tensile  test  of  1  ply 
composite  was  performed.  Glass  woven 
fabric  treated  with  different  concentration  of 
acryl  silane,  were  used  for  /•Enforcement. 
Two  kinds  of  knee  points  were  identified  on 
the  stress-strain  curves  by  least  squares 
method.  Strain  energies  were  calculated 
from  the  1st  and  2nd  knee  point  stress  and 
strain.  It  was  confirmed  that  the  1st  knee 
point  shows  the  interfacial  strength,  and  the 
energy  between  the  1st  and  2nd  knee  point 
indicates  the  fracture  toughness  of  interface 
inside  of  fiber  bundle. 
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Abstract 

Nonlinear  stress-strain  behavior  in  woven 
glass  fiber  reinforced  epoxy  composites 
under  off-axis  tension  is  investigated 
experimentally.  An  orthotropic  plasticity 
model  with  three  parameters  is  used. 
Composite  systems  with  and  without  flexible 
interphase  are  studied.  Effect  of  flexible 
interphase  on  the  nonlinear  off-axis  behavior 
is  discussed. 


Key  Words:  Flexible  Interphase,  Glass  Plain 
Woven  Fabric  Composite,  Off-axis  Loadng, 
Nonlinear  Stress-Strain  Behavior 

Introduction 

It  is  known  that  fiber  composites  exhibit 
nonlinear  stress-strain  response  under 
off-axis  loading.  To  model  the  nonlinear 
behavior  of  composites,  many  mechanical 
models  have  been  proposed  using  two 
approaches.  One  is  macroscopic  and  another 
is  microscopic.  In  the  macroscopic 
approach,  composites  are  treated  as  a 
nonlinear  elastic  or  plastic  body.  In  the 
microscopic  approach,  attempts  are  made  to 
describe  the  effective  composite  response 
using  the  properties  of  the  fiber  and  matrix. 


Hahn  and  Tsai  [1]  employed  a 
complementary  elastic  energy  density 
function  which  contained  a  biquadratic  term 
for  in-plane  shear  stress.  The  nonlinear 
stress-strain  relation  of  unidirectional 
laminae  under  off-axis  loading  was 
predicted.  Sun  and  Chen  [2]  developed  the 
one-parameter  plasticity  model  to  describe 
the  nonlinear  behavior  of  unidirectional 
composites  based  on  a  more  general 
approach  [3].  The  approach  is  based  on  a 
quadratic  plastic  potential  and  the 
assumption  that  there  is  no  plastic 
deformation  in  the  fiber  direction.  Ogi  and 
Takeda  [4]  proposed  a  model  based  on  a 
fourth-order  complementary  elastic  energy 
function  and  the  one-parameter  plastic 
potential  in  which  an  anisotropy  parameter 
changes  with  plastic  deformation. 

On  the  other  hand,  a  method  to  fabricate 
woven  fabric  composites  with  flexible 
interphase  is  developed  recently  [5],  It  is 
shown  that  composite  strength  can  be 
enhanced  by  introducing  flexible  interphase. 

In  the  present  study,  the  nonlinear 
behavior  of  a  woven  glass/epoxy  composite 
under  off-axis  tension  is  investigated 
experimentally.  Composite  systems  with  and 
without  flexible  interphase  are  used.  Tensile 
tests  are  performed  at  off-axis  angles,  22.5°, 
45°  and  67.5°  as  well  as  0°  and  90°.  It  is 
shown  that  a  plastic  potential  function  with 
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three  parameters  can  be  used  for  the  woven 
composite.  Effect  of  flexible  interphase  on 
the  nonlinear  stress-strain  behavior  under 
off-axis  tension  loading  is  discussed. 

Experiments 

E-glass  plain  woven  fabric  (WE18W,  Nitto 
Boseki  Co.,  Ltd)  with  0.4wt%  epoxy  silane 
treated  was  used  for  a  reinforcement.  Both 
composite  systems  with  and  without  flexible 
interphase  are  prepared.  Epoxy  resins  were 
used  for  matrix  and  flexible  interphase, 
Epikote  828  and  Epikote  871  (both  Yuka 
Shell  Epoxy  Co.,  Ltd).  Epikote  871  has 
lower  Young’s  modulus  and  higher  failure 
strain  than  Epikote  828.  Hardeners  were 
4,4-diaminodiphenylsulfon  (DDS)  and 
1,2-diaminopropane  for  Epikote  828  and  871, 
respectively.  Specimens  are  cut  out  of  the 
panels  in  the  direction  of  #=0°,  22.5°,  45°, 
67.5°  and  90°.  Tensile  tests  were  performed 
on  the  specimens.  Two  strain  gages  (one  is  to 
obtain  longitudinal  strain  and  one  transverse 
strain)  are  put  at  the  center  of  the  specimen. 
The  crosshead  speed  was  0.5mm/min.  The 
specimens  were  loaded  up  to  failure. 

Analytical  Procedure 

A  yield  function  that  is  quadratic  in  stress  is 
assumed  for  the  general  3-D  fiber  composite 
as 

,  -v  2  2  2 

)~a\\  a\  \  +°22<t22  +^33°33 

+  2o  1 2  crn  cr22  +  2fl| 3  <T]  1  <x33  +  2a23  cr22  °33 
2  2  2 
+  2a  44  cr23  +  2a55  o13  +  2  a66o12  =  k 

(1) 

where  &  is  a  state  variable  and  the  stresses 
cry  refer  to  the  principal  material  directions. 
By  using  the  associated  flow  rule,  the  yield 
function  is  taken  as  the  plastic  potential 
function  from  which  the  incremental  plastic 
strain  can  be  derived  as 

de-=-f-dZ  (2) 

doij 


where  the  superscript  p  denotes  plasticity, 
and  dX  is  a  proportionality  factor. 

The  increment  of  plastic  work  per  unit 
volume  is  given  by 

dWP  =  atJd£-j  =  2fdX  (3) 

Let  the  effective  stress  o  be  defined  as 

o  =  JTf  (4) 

p 

The  effective  plastic  strain  increment  de 
can  be  defined  such  that 


p  p  p 

dW  =  t TijdEjj  =  ode 


(5) 


Consider  a  state  of  plane  stress  parallel  to 
the  Xj  -  x2  plane  The  plastic  potential 

function  reduces  to 

22  2 
2/  =  a\\0\\  +a22a22  +  2^12^1 1^22  +  2a66eF|2 

(6) 

The  complete  orthotropic  plastic  flow  rule  is 
defined  if  the  parameters  an  ,  a2 2  ,  al2  ,  «66 
and  d/L  are  determined.  To  determine  dX, 
the  effective  stress-effective  plastic  strain 
relation  must  be  established.  This  can  be 
accomplished  from  the  results  of  tension  tests 
on  off-axis  specimens. 

Let  the  x-axis  be  the  uniaxial  loading 
direction  which  makes  an  angle  9  with  the 
fiber  direction  xj-axis.  The  stresses  referring 
to  the  material  principal  axes  (xj  and  X2)  are 
related  to  the  applied  uniaxial  crras 


=  <x.  cos  6 


o 22  -  o',  sin 


'  e 


a, 2  -~or  sin#  cos# 


(7) 


Substitution  of  (7)  into  (6)  and  (4)  yields 
o=h(0)ox  (8) 

where 

f3]  A  4  “  2  T 

/i(<7)=  cos  0  +  al2  sin  0  +  2(rt12  +<rCf;)sin  0cos  0j 

(9) 

For  monotonic  loading,  we  obtain, 

•'4 
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_  p 

The  relation  between  a  and  s  can  now 
be  obtained  from  the  experimentally  obtained 

p 

relation  between  crx  and  ex  . 

p 

Since  the  a-e  relation  should  be  unique 
in  monotonic  loading  for  the  given  material, 
the  parameters  au ,  a22 ,  al2  and  a66  must 

_  P 

be  chosen  so  that  the  resulting  <j-e 
relations  is  independent  of  6.  It  can  also  be 
shown  that  the  plastic  Poisson's  ratio  can  be 
defined  as 


2  2  [4  4  j 

(«n  +a22  -  2a66)sin  0 cos  d  +  ai2  sin  0  +  cos  8J 


an  cos  d+a2 2  sin  0  -H  2(cij 2  +  <a66)sin  0cos  8 

GO 

In  the  discussions  above,  we  can  set  au  =  1 
without  loss  of  generality. 


Results  and  Discussion 

Figure  1  shows  the  stress-strain  curves  of  the 
woven  composite.  We  have  nonlinear 
stress-strain  relations  at  all  angles.  The 
nonlinear  strain  becomes  higher  as  the  angle 
becomes  larger  until  45°.  It  can  be  seen  that 
nonlinear  strain  is  larger  in  composite  with 
flexible  interphase  at  the  same  loading  angle. 

To  check  the  validity  of  the  plasticity 
model  and  determine  the  parameters,  we 
made  the  following  procedure.  We  first 
assumed  that  the  strains  can  be  divided  into 
two  parts  as 

(12) 

where  et  is  the  elastic  strains  and  sf  is 
plastic  strains,  and  that  the  elastic  strains  are 
linear  elastic  ones  and  can  be  determined  by 


where  Ex  is  the  initial  longitudinal  Young's 
modulus,  v  is  the  initial  longitudinal 
Poisson's  ratio  of  the  laminate  and  x  and  y 
denote  longitudinal  (loading)  and  transverse 


directions,  respectively.  We  also  assumed 
that  the  nonlinear  part  of  strain  comes  from 
plasticity. 
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(a)  Composite  without  flexible  interphase 


(b)  Composite  with  flexible  interphase 


Fig.l  Stress-strain  curves  for  woven  glass 
fabric  composites  . 


Our  next  task  is  to  determine  the 
parameters  a22  ,  au  and  a66  and  the 
effective  stress-effective  plastic  strain  curve. 
If  we  can  obtain  parameters  which  lead  to  a 
master  effective  stress-effective  plastic  strain 
curve  from  the  data  of  all  angles,  we  can 
confirm  the  validity  of  the  plasticity  model. 
We  note  that  when  9=0,  h( 0)  is  dependent  on 
none  of  the  parameters  a22  ,  an  and  a66 . 
Thus,  the  effective  stress-effective  plastic 
strain  curve  for  0°  can  be  used  as  the  master 
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curve.  Considering  that  h( 90)  is  dependent 
on  only  a22 ,  we  can  determine  a22  so  that 
the  effective  stress-effective  plastic  strain 
curve  for  90°  fits  that  for  0°.  By  using  (9) 
and  the  experimental  data  of  other  angles,  we 
can  determine  an  +<* 66  •  After  that>  we  use 
(1 1)  to  determine  an  and  a66 . 

Figure  2  shows  the  effective 
stress-effective  plastic  strain  curves  from  the 
experimental  data  of  all  angles.  We  can  see 
that  the  curves  gather  on  two  curves.  One  is 
from  on-axis  data  and  one  from  off-axis.  This 
implies  that  the  nonlinear  behavior  of  woven 
fabric  composite  cannot  be  described  by 
using  a  single  plastic  potential.  This  may  be 
due  to  the  difference  in  the  cause  of  nonlinear 
deformation  under  on-axis  and  off-axis 
loading.  Possibly,  nonlinear  strain  in  on-axis 
data  comes  from  damage  such  as  matrix 
cracks  and  nonlinear  strain  in  off-axis  data 
from  nonlinear  shear  behavior  of  matrix 
resin. 

At  this  stage,  we  have  o22  =0.8  and  1.5 
and  al2  +a66  =2.5  and  10  for  composites 
without  and  with  flexible  interphase, 
respectively.  The  higher  value  of  al2 
in  composite  with  flexible  interphase  may  be 
due  to  high  value  of  ai2  which  indicates  the 
effect  of  shear  stress.  Effect  of  flexible 
interphase  on  the  nonlinear  stress-strain 
behavior  can  be  evaluated  by  this  plasticity 
parameter. 
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Fig. 2  Effective  stress-effective  plastic  strain 
curves. 
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Abstract 

In  the  last  decade,  flexural  fatigue 
properties  of  a  flexible  printed  circuit(FPC) 
in  mechanical  moving  parts  of  electronic 
devices  have  been  studied  to  improve  their 
reliability  and  flexibility.  The  phenoxy/ 
epoxy  blend  polymer  is  one  of  the 
candidates  for  the  adhesive  of  the  FPC, 
where  a  phenoxy  resin  is  designated  an 
epoxy  one  with  a  long  molecular  chain. 
And,  it  is  important  to  examine  the 
influence  of  the  mixture  ratio  on  the 
flexural  fatigue  properties.  It  is  reported 
that  the  phenoxy/epoxy  blend  polymer 
showed  the  phase  separation  behavior  in 
some  cases.  First  of  all,  an  affect  of  the 
mixture  ratio  on  the  mechanical  and 
thermal  properties  of  blends  changed  was 
investigated.  It  has  been  shown  that  the 
phase  separation  behavior  appears  in  a  part 
of  the  mixture  ratio,  and  a  part  of  the  epoxy 
resin  merges  with  the  phenoxy  resin.  Next, 
from  the  result  of  the  peeling  test  with  the 
phenoxy/epoxy  blend  as  the  FPC  adhesive, 
it  is  clarified  that  the  peel  strength  in  the 
copper  foil  and  the  adhesive  interface  have 
the  same  character  at  the  mixture  ratio  due 
to  the  phase  separation  behavior. 

Keywords  FPC,  Phenoxy,  phase 
separation  and  adhesive 


Introduction 

The  flexible  printed  circuit  (FPC) 
is  used  for  the  wiring  technology  in  most 
electronic  devices  with  miniaturizing  and 
making  of  an  electronic  equipment  high 
density.  The  FPC  is  a  structure  with  thin 
layers,  and  it  is  thin  enough  to  flex  in 
smaller  radii  of  curvature  so  that  the  FPC  is 
used  in  mechanical  parts  of  electrical 
devices.  However  it  is  necessary  to 
increase  the  flexural  fatigue  life  in  order  to 
attain  high  reliability  of  electronic  devices. 
The  FPC  is  made  of  a  copper  foil,  an 
adhesive  and  an  insulating  film.  It  is 
reported  that  the  number  of  cycles  to 
failure  of  the  FPC  is  determined  by  the 
fatigue  failure  of  the  copper  foil  [1], 
however,  it  also  seems  to  be  influenced  by 
bonding  properties  of  the  FPC  adhesive 
[2]. 

Recently,  it  is  suggested  that  a 
phenoxy  resin  designated  as  an  epoxy  resin 
with  a  long  molecular  chain  is  an  adhesive 
with  a  high  bonding  property  for  metallic 
materials.  In  general,  the  epoxy  resin  is  one 
of  the  candidates  for  an  adhesive  for  the 
FPC,  however  the  phenoxy/epoxy  blend  is 
coming  out  for  the  next  generation  of 
adhesive  for  the  FPC.  It  is  investigated  that 
the  phase  separation  appears  at  some 
mixture  ratios,  and  the  epoxy  resin  merges 
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with  the  phenoxy  resin  [3-5].  This  paper 
shows  the  relation  between  the  mechanical 
and  thermal  properties  of  the  phenoxy/ 
epoxy  blend  and  the  mixture  ratio,  and  the 
mixture  ratio  dependence  of  peel  strength 
of  the  FPC  evaluated  by  a  peeling  test 
using  the  phenoxy/epoxy  blend  as  an 
adhesive  layer.  It  seems  to  be  possible  to 
increase  reliability  of  the  material  by 
studying  the  dependence  of  the  bonding 
properties  on  the  mixture  ratio. 

Materials 

The  epoxy  resin  used  in  this  study 
was  AER260(Asahi  Chemical  Industrial 
Co.,  Ltd.)  and  the  phenoxy  resin  was 
YP50-S(Touto  Chemical  Industrial  Co., 
Ltd.).  All  the  blends  of  the  epoxy  resin  and 
the  phenoxy  resin  had  blend  ratios  of  100/0, 
80/20,  60/40,  40/60,  20/80  for  weight.  The 
compounds  were  cured  at  160  ‘C  for  2 
hours  in  a  vacuum  oven. 

Examinations  and  results 
Tensile  test 

The  mechanical  properties  of  the  epoxy/ 
phenoxy  blend  were  investigated  by  the 
tensile  test  measured  using  the  tensile  test 
machine  at  a  room  temperature  with  the 
dumbbell  type  test  specimens,  and  at  a 
crosshead  speed  of  0.5mm/min.  Fig.l 
shows  typical  stress-strain  curves  which 
were  changed  with  various  mixture  ratios 
of  the  phenoxy  resin.  The  maximum  value 
of  the  breaking  stress  and  strain  was 
obtained  at  the  phenoxy  mixture  ratio 
20wt%.  Fig.2  shows  a  microphotograph  of 
the  specimen  surface  using  the  scanning 
electron  microscope  (SEM)  at  the  phenoxy 
mixture  ratio  20wt%.  At  this  ratio  the 
phenoxy  phase  separated  from  the  epoxy 
phase,  and  it  seems  to  improve  the 
breaking  stress  and  strain  by  the  phenoxy 
phase  being  the  source  of  such  as  the  micro 
crazes  in  the  epoxy  phase. 
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Fig.l  Effect  of  blend  ratio  on  stress- 
strain  curves 


Fig.2  Phase  separation  of  blend 
(Phenoxy  20wt%) 


Thermal  properties 

The  glass  transition  temperature  Ts  of  the 
blends  were  measured  by  using  the 
differential  scanning  calorimetry  (DSC). 
The  temperature  was  changed  from  40  to 
250*0,  and  the  heating  rate  was  50/min. 
Fig.3  shows  the  changes  of  an  endothermic 
amount  with  the  temperature.  The  result  at 
the  phenoxy  mixture  ratio  0wt%  shows  the 
change  of  an  endothermic  amount  in  the 
temperature  from  95  to  1250,  and  it  seems 
that  this  temperature  range  is  the  glass 
transition  temperature  of  the  epoxy  resin. 
Next,  it  seems  that  the  glass  transition 
temperature  range  of  the  phenoxy  resin  is 
from  75  to  95  O  as  the  result  of  the 
phenoxy  mixture  ratio  80wt%.  At  the 
phenoxy  mixture  ratio  20  and  40wt%,  the 
changes  of  an  endothermic  amount  were 
observed  in  two  temperature  ranges.  In 
these  mixture  ratios,  the  phenoxy  phase 
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separated  from  the  epoxy  phase  as  shown 
in  Fig.2.  Fig.4  shows  the  changes  of  an 
endothermic  amount  from  75  to  95*0  and 
from  95  to  125*C.  It  shows  that  the  change 
of  an  endothermic  amount  in  the  epoxy 
glass  transition  temperature  range 
disappeared  at  the  phenoxy  mixture  ratio 
60wt%  or  more.  The  epoxy  resin 
disappeared  by  merging  with  the  phenoxy 
resin,  and  about  2/3  of  the  epoxy  weight 
for  the  phenoxy  weight  merges  with  the 
phenoxy  resin. 


60  90  120  150 

Temperature  “C 


Fig.3  The  glass  transition  behavior 
of  the  phenoxy/epoxy  blends 


Phenoxy  wt%  in  Blends 

Fig.4  Endothermal  amounts  at  Tg  of 
epoxy  and  phenoxy  range 

Dynamic  mechanical  properties 
The  temperature  dependence  of  the 
dynamic  mechanical  properties  with 
various  mixing  ratios  was  investigated 
using  the  dynamic  mechanical  analyzer. 
The  specimen’s  geometry  was  a  rectangular 
bar  for  tensile  test.  The  specimen  was 


clamped  securely  at  both  ends  and 
oscillated  in  tension  at  a  frequency  of  15Hz. 
The  temperature  dependence  of  the  storage 
modulus  was  measured  from  60  to  150*C 
at  a  heating  rate  of  3‘C/min.  Fig.5  shows 
the  temperature  dependence  of  the  storage 
moduli  measured  by  the  dynamic 
mechanical  analyzer.  At  the  mixture  ratio  0, 
20  and  40wt%,  the  decrease  of  the  storage 
modulus  was  settled  over  125*0  in  the 
temperature,  at  the  mixture  ratio  60wt% 
and  more,  the  storage  moduli  kept 
decreasing.  Fig.5  shows  that  the  epoxy 
phase  was  predominant  at  the  mixture 
ratios  0,  20  and  40wt%  because  the  storage 
moduli  E’  behaved  as  a  thermosetting  resin 
and  that  the  phenoxy  phase  was 
predominant  at  the  mixture  ratio  60wt%  or 
more  because  the  storage  moduli  E’ 
behaved  as  a  thermoplastic  resin. 


60  90  120  150 


Temperature  ‘C 

Fig.5  Effect  of  temperature  on  storage 
moduli  in  the  phenoxy/epoxy 
blends 

Peeling  test 

The  peel  strength  with  various  mixing 
ratios  was  evaluated  by  the  90deg  and 
180deg  peeling  test.  The  specimen  was  a 
structure  of  three  layers  to  be  bonded,  a 
copper  foil  of  18pm  in  thickness  bonded  to 
a  polyimide  film  of  25  pm  in  thickness  with 
the  phenoxy/epoxy  blend.  Moreover,  a 
polyimide  film  side  of  the  specimen  was 
bonded  to  the  aluminum  backing  plate  and 
the  copper  foil  was  bent  to  peel  using  the 
tensile  test  machine  at  a  room  temperature 


at  a  crosshead  speed  of  50mm/min.  The 
fracture  mode  was  not  the  cohesive  failure 
but  the  adhesive  failure.  It  was  observed 
that  the  adhesive  failure  propagated  in  a 
constant  load.  Fig.6  shows  the  relation 
between  the  phenoxy  mixture  ratios  and  the 
peel  strengths.  As  a  result,  it  was  found  that 
the  peeling  angle  was  independent  of  the 
peel  strength.  The  peel  strength  has  been 
improved  by  an  increase  in  the  mixture 
ratio  of  the  phenoxy  resin  overall. 
Furthermore,  at  the  mixture  ratio  20  and 
40wt%,  the  peel  strength  did  not  change 
relative  to  the  mixture  ratio. 


Fig.6  Peel  strengths  of  the  Copper  foil 
and  adhesive  interface 


Discussion 

The  phase  separation  greatly 
influences  the  fact  that  the  peel  strengths 
were  constant  at  the  mixture  ratio  20  and 
40wt%.  Here,  the  wetting  theory  is 
introduced  which  is  important  to  determine 
the  peel  strength.  According  to  the  wetting 
theory,  the  phase  with  high  bonding  stress 
adheres  to  the  solid  surface.  Because  the 
phenoxy  bonding  strength  to  the  copper 
foil  is  higher  than  the  epoxy  one,  the 
phenoxy  phase  in  blend  where  the  phase 
separated  adheres  to  the  solid  surface. 
However,  it  seems  that  the  composition  at 
the  mixture  ratio  20wt%  corresponds  to 
one  at  40wt%  because  the  result  of  the 
DSC  showed  that  the  phenoxy  phase  was 
made  from  the  phenoxy  and  epoxy  resin, 
and  the  epoxy  resin  is  merged  with  the 


phenoxy  phase  in  a  saturated  state.  In  the 
peeling  test,  it  was  observed  the  peeling 
propagated  in  the  copper  foil/  adhesive 
interface  so  that  it  seems  that  the  peel 
strength  is  influenced  by  interfacial 
chemical  properties,  therefore  the  peel 
strength  at  the  phenoxy  mixture  ratio 
20wt%  corresponds  to  one  at  40wt%.  At 
the  mixture  ratio  60wt%  or  more,  the 
composition  where  only  the  phenoxy  phase 
exists  without  the  phase  separation.  The 
peel  strength  was  improved  with  an 
increase  in  the  phenoxy  weight  in  the 
peeling  test,  because  the  phenoxy  phase  at 
the  mixture  ratio  60  and  80wt%  contains 
more  phenoxy  resin  than  the  composition 
of  the  phenoxy  phase  at  the  mixture  ratio 
20  and  40wt%. 

Conclusions 

The  following  conclusions  can  be 
described  on  this  study. 

1.  The  maximum  value  of  breaking  stress 
and  strain  was  observed  at  phenoxy 
mixture  ratio  20wt%  where  phase 
separation  was  caused. 

2.  It  seems  that  2/3  of  the  epoxy  weight  for 
the  phenoxy  weight  merges  in  the  phenoxy 
resin. 

3.  As  a  result  of  phase  separation,  peel 
strengths  were  constant  at  the  phenoxy 
mixture  ratio  20wt%  and  40wt%. 
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Abstract 

This  paper  presents  an  experimental 
investigation  of  internal  damage  propagation 
behaviors  in  the  quasi-isotropic  alumina  FRP 
laminates  (0/+45/-45/90)s  under  tension- 
tension  fatigue  loading.  The  onset  and 
growth  of  the  matrix  cracks  and  the 
delaminations  were  observed  by  using  an 
optical  microscope  during  the  fatigue  tests. 
The  matrix  crack  density  and  the  normalized 
length  of  delamination  were  measured  as  a 
function  of  the  normalized  number  of  cycles. 
A  different  damage  growth  pattern  was 
observed  in  each  layer  and  the  interface 
under  the  tension-  tension  fatigue. 

Key  Words:  Quasi-Isotropic  Alumina  FRP, 
Tension-tension  fatigue  loading,  Matrix 
crack  and  Delamination. 

Introduction 

Alumina  fiber  reinforced  plastics 
(alumina  FRP)  have  been  regarded  as  heat 
insulating  structures  of  the  superconducting 
coil  in  the  magnetic  levitated  train  because  of 
their  superior  specific  strength  and  rigidity, 
and  their  adiabatic  property,  etc.  On  the  other 
hand,  it  is  known  that  the  fiber  orientation 
angle  greatly  influences  the  mechanical 
properties  of  the  FRP,  so  that  in  many 
applications  of  alumina  FRP,  they  are  used  in 
the  form  of  multidirectional  laminates. 


Generally,  in  the  failure  process  of  the 
alumina  FRP  laminates,  particular  internal 
damages  such  as  matrix  cracks  and 
delaminations  occur  in  each  layer  and 
between  layers  because  of  the  discontinuity 
of  the  stiffness,  etc.  The  matrix  crack  is  a 
from  of  internal  damage  which  occurs  at  an 
initial  stage  of  the  fatigue.  Delamination 
seems  to  be  the  principal  cause  of  the  failure 
of  laminates.  Therefore,  it  is  important  to 
understand  the  internal  damage  propagation 
behavior  from  a  microscopic  viewpoint  so  as 
to  obtain  long  term  reliability  in  the 
quasi-isotropic  alumina  FRP  as  a  structural 
material. 

Up  to  now,  the  various  properties  of 
the  cross-ply  laminates  have  been 
investigated  under  the  fatigue  loading  [1,2]. 
Some  studies  focused  on  the  quasi-isotropic 
GFRP  laminates  [3]  and  quasi-isotropic 
CFRP  laminates  [4-6]  under  the  fatigue 
loading.  However,  few  studies  on  the 
quasi-isotropic  alumina  FRP  laminates  under 
fatigue  loading  have  been  conducted.  In  this 
study,  the  internal  damage  propagation 
behavior  in  the  quasi-isotropic  alumina  FRP 
laminates  (0/+45/-45/90)s  under  the  tension- 
tension  fatigue  loading  was  investigated.  In 
addition,  the  crack  density  in  the  each  layer 
was  measured  and  the  relation  between  the 
crack  density  and  the  fatigue  life  was 
evaluated.  These  detailed  results  will  become 
determinants  of  the  damage-tolerant  design. 
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Specimens  and  Test  Procedure 


Results  and  Discussion 


The  specimen  geometry  is  shown  in 
Fig.  1 .  Quasi-isotropic  alumina  FRP 
laminates  (0/+45/-45/90)s  were  adopted  for 
the  test  specimen  of  this  study.  The  fiber 
volume  fraction  of  the  laminate  was  about 
60%.  In  order  to  avoid  the  stress 
concentration  at  the  chacking  part,  the  tabs 
made  of  GFRP  were  introduced  at  both  ends 
of  the  laminate.  The  matrix  crack  and  the 
delamination  were  observed  directly  with  an 
optical  microscope  from  the  polished  side  of 
the  laminates.  The  mechanical  properties  of 
the  laminate  through  quasi-static  tension  tests 
are  shown  in  Tablel. 
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Fig.l  Geometry  of  specimen 


Tablel  Mechanical  properties 
for  Alumina  FRP 


Maximum  stress 

Young’s  modulus 

Failure  strain 

ab  MPa 

E  GPa 

£,  % 

352.8 

49.4 

0.83 

Tension-tension  fatigue  tests  were 
conducted  by  using  a  servo-hydraulic  fatigue 
test  machine  at  a  room  temperature  with  a 
sine  waveform  under  the  load-control 
conditions.  The  test  conditions  were  stress 
ratio,  R=0.1  and  frequency,  /=  1  and  10Hz. 
The  maximum  value  of  the  stress  amplitude 
was  set  as  50-80%  of  the  tensile  strength  of 
the  quasi-isotropic  alumina  FRP  laminate.  In 
addition,  direct  observations  of  the  damage 
were  conducted  by  means  of  the  interruption 
in  the  fatigue  tests.  The  laminates  were 
detached  from  the  test  machine  whenever  the 
number  of  cycles  reached  a  previously 
decided  value,  and  the  internal  damage  was 
observed  from  the  polished  edge  side  with 
the  optical  microscope. 


S-N  Diagram 

To  clarify  the  fatigue  properties,  an  S-N 
diagram  is  shown  in  Fig.2. 


Number  of  cycles  to  failure  Nf 

Fig.2  S-N  curve 


Fig.2  shows  the  S-N  diagram 
approximated  to  a  straight  line,  and  the 
fatigue  limit  did  not  exist  until  the  number  of 
cycles  to  failure  Nf=107.  There  were  few 
differences  between  the  frequency  1Hz  and 
10Hz,  so  it  turned  out  that  the  fatigue  life  did 
not  depend  on  the  frequency  in  this  study. 

Definition  of  Matrix  Crack  Density  and 
Normalized  Length  of  Delamination 
To  evaluate  the  matrix  crack  quantitatively, 
the  matrix  crack  density,  DMC  mm'1  is 
defined  as  ; 

DMC=nlJA  (1) 

where  n  is  the  number  of  matrix  cracks,  l0  is 
the  ply  thickness  and  A  is  the  measured  area. 
The  normalized  length  of  the  delamination, 
Dd  mm/mm  is  defined  as  ; 


DA=ll0JL  (2) 

where  /totai  is  the  total  length  of  the 
delamination  and  L  is  the  measured  length. 

Internal  Damage  Progression  Behavior 
Fig.3  shows  a  representative  internal  damage 
photograph  that  was  taken  from  the  polished 
side  of  the  laminates  at  the  normalized 
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number  of  cycles,  N/Nf=0.4.  It  can  be  seen 
that  the  delaminations  occur  at  the  90/-45  and 
-45/+45  interfaces. 


Fig.3  Typical  internal  damages  under 
Fatigue  Loading 


The  results  of  the  matrix  crack 
density  and  the  normalized  length  of 
delamination  in  the  fatigue  tests  are  shown  in 
Fig.4  and  Fig.5,  respectively.  Fig.4  shows 
that  the  matrix  cracks  in  the  90deg  layer 
increased  rapidly  at  the  first  stage  of  fatigue, 
and  reached  saturation  at  the  normalized 
number  of  cycles,  N/Nf=0.1.  The  matrix 
cracks  in  the  -45deg  layer  occurred  after  the 
initiation  of  the  matrix  cracks  in  the  90deg 
layer  increased  gradually,  and  were  saturated 
at  N/Nf=0.4.  The  matrix  cracks  in  the  +45deg 
layer  occurred  at  N/Nf=0.2,  and  increased 
rapidly.  After  that,  the  matrix  cracks  in  the 
+45deg  layer  reached  saturation  at  N/Nf=0.7. 
Fig.5  shows  that  both  the  90/-45  and  -45/+45 
delaminations  occurred  at  the  first  stage  of 
fatigue,  and  increased  gradually.  The 
normalized  length  of  delaminations 
increased  rapidly  at  N/Nf=0.5,  and  was 
saturated  at  the  vicinity  of  N/Nf=0.7. 

The  matrix  cracks  first  occurred  in 
the  90deg  layer  (Fig.6(a)),  and  the  matrix 
cracks  in  the  -45deg  layer  and  90/-45 
delaminations  were  occurred  from  the  tips  of 
the  matrix  crack  in  the  90deg  layer  (Fig.6(b)). 
The  -45/+45  delaminations  occurred  from  the 
tips  of  the  matrix  cracks  in  the  -45deg  layer 
(Fig.6(c)),  and  then,  the  tips  of  the 
delaminations  were  propagated  in  the  +45deg 


Normalized  number  of  cycle  to  failure  N/Nf 


Fig.4  Matrix  crack  propagation  behavior 
under  the  fatigue  loading 


Fig.5  Delamination  propagation  behavior 
under  the  fatigue  loading 


(a)  only  90deg  crack  (b)  90,-45deg  crack  and 

90/-45  delamination 


+45deg  90deg  +45deg  90deg 


(c)  90,-45  deg  crack  and  (d)  90,-45,+45deg  crack  and 
90/-45,  -4S/+45  delamination  90/-45,  -45/+45 
delamination 


Fig.6  Schematic  illustration  of  internal 
crack  progress 
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layer  and  the  matrix  cracks  in  the  +45deg 
layer  were  formed  (Fig.6(d)). 

Criterion  for  Damage-Tolerant  Design 
Internal  damages  grow  as  a  number  of  cycles, 
and  remarkably  decrease  the  mechanical 
properties  of  the  laminate.  Therefore,  it  is 
thought  that  the  design  of  a  structure  which  is 
made  of  FRP  laminates  should  not  be  based 
on  the  fatigue  life  but  it  is  necessary  to  design 
it  based  on  the  damage  onset  number  of 
cycles. 


Next,  the  quasi-static  compression 
tests  were  conducted  by  using  the  laminates 
applied  by  the  fatigue  loading  until  the 
number  of  cycles  necessary  to  investigate  the 
internal  damage  onset.  Fig.7  shows  the 
compression  tests  results  at  each  normalized 
number  of  cycles.  The  relation  between 
normalized  compressive  strength,  <7c/crmax 
and  the  normalized  number  of  cycles,  N/Nf 
was  investigated  to  clarify  the  main  cause  of 
the  fatal  damage  to  the  laminates  under 
fatigue  loading.  In  the  figure,  the 
compressive  strength  is  normalized  by  the 
virgin  one. 


Normalized  number  of  cycle  lo  failure  N/Nr 

Fig.7  Normalized  compressive  strength  at 
each  normalized  number  of  cycles 

As  a  result,  the  virgin  compressive 
strength  of  the  laminates,  crmax,  was  512MPa, 
and  the  normalized  compressive  strengths  of 
the  laminates  applied  by  the  fatigue  loading 
to  N/Nf=0.4  and  0.6,  oJomw,  were  0.8  and 
0.6  (cjc=410  and  307MPa),  respectively. 


These  results  show  that  the  compressive 
strength  declined  between  N/Nf=0.4  and  0.6 
of  the  normalized  number  of  cycles.  On  the 
other  hand,  Fig.5  shows  that  the  90/-45  and 
-45/+45  delaminations  increased  rapidly 
between  N/Nf=0.4  and  0.6  of  the  normalized 
number  of  cycles.  These  results  show  that  the 
internal  damages  which  decreased  the 
compressive  strength  were  the  delaminations 
and  the  normalized  number  of  cycles  at 
which  internal  damages  occurred  was  the 
N/Nf=0.4.  Therefore,  considering  the  onset 
point  of  the  internal  damages  shown  by  such 
a  microscopic  observation  enables  the 
damage-tolerant  design  of  the  FRP 
structures. 


Conclusion 

The  S-N  diagram  approximated  to  a 
straight  line  and  the  fatigue  limit  did  not  exist 
until  the  number  of  cycles  to  failure,  Nf=107. 
The  internal  damages  under  the  fatigue 
loading  were  the  matrix  cracks  in  the  90,  -45 
and  +45deg  layer  and  the  delaminations  at 
90/-45  and  -45/+45  interface.  It  was  shown 
that  explaining  the  internal  damage 
propagation  behavior  by  the  microscopic 
observation  enabled  the  damage-tolerant 
design  of  the  FRP  structures. 
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Abstract 

This  study  dealt  with  the  effect  of 
binder  on  hydrothermal  aging  of  glass  fiber 
reinforced  unsaturated  polyester  composite. 
The  glass  fiber  rovings  with  different  types 
(composition  and  amount)  of  binder  were 
used  as  the  reinforcement  in  order  to  examine 
the  effect  of  binder  on  the  interfacial 
degradation.  By  using  these  fiber  rovings, 
unidirectional  glass  fiber  roving  reinforced 
unsaturated  polyester  composite  rods  were 
prepared  and  they  were  immersed  in  distilled 
water  at  95°C.  The  weight  changes  due  to 
water  immersion  were  not  sensitive  to  the 
amount  of  binder,  however,  they  depended 
on  the  composition  of  binder.  In  the 
composite  with  the  binder  for  chopped  strand 
mat,  the  water  penetrated  to  the  dissolved 
interface,  and  as  a  result,  the  weight  gain 
showed  remarkable  increase  at  longer 
immersion  time.  In  the  composite  with  the 
binder  for  continuous  strand  mat,  the 
dissolution  of  the  binder  occurred  at  the 
vicinity  of  the  specimen  edges,  and  such 
dissolved  region  did  not  keep  the  water 
inside  the  material.  As  a  result,  the  weight 
gain  of  this  composite  was  lower  than  the 
others. 


Key  Words:  Interphase,  Aging,  Binder, 
Weight  change 

Introduction 

Glass  fiber  reinforced  plastics  have 
been  widely  used  as  water  and  corrosion 
resistant  materials.  Among  them  glass  fiber 
mat  reinforced  thermosetting  composites 
have  often  used  as  the  structural  materials 
under  water  environment  such  as  water 
storage  tank,  bathtub,  etc.  When  the  material 
is  exposed  to  the  water  environment  for 
long-term  period,  however,  the  degradation 
of  the  material  occurs  due  to  water 
absorption.  Water  absorption  often  brings 
the  degradation  of  the  interface  between  fiber 
and  resin,  and  it  leads  the  reduction  in 
mechanical  properties.  In  glass  fiber  mat, 
glass  fibers  are  treated  by  silane  coupling 
agent  and  binder.  Binder  is  applied  in  order 
to  combine  a  certain  number  of  filaments  into 
fiber  roving  and  to  form  the  sheet  from  the 
fiber  bundles.  However,  binder  often 
dissolves  by  contact  to  the  water,  and  it 
brings  the  significant  scale  of  debonding  at 
the  interface  region1'3.  Such  debonding  led 
the  significant  reduction  in  mechanical 
properties4*6.  Therefore  water  resistant  of 
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binder  is  very  important  to  establish  superior 
water  resistance  of  the  glass  fiber  mat 
reinforced  composites. 

From  these  backgrounds,  this  study 
dealt  with  the  effect  of  type  and  amount  of 
the  binder  on  the  hydrothermal  aging 
behavior  of  glass  fiber  reinforced  unsaturated 
polyester  composite.  By  using  different 
types  of  fiber  rovings,  unidirectional  glass 
fiber  reinforced  unsaturated  polyester  resin 
composites  were  fabricated,  and  they  were 
immersed  into  hot  water  environment.  After 
aging,  weight  change  and  change  in 
mechanical  properties  were  evaluated. 

Experimental  Procedure 

Materials  and  Specimen  Preparation 
Matrix  used  was  isophthalic  based 
un  saturated  polyester  resin,  and 
reinforcement  was  different  types  of  glass 
fiber  rovings.  Details  of  the  fiber  rovings  are 
summarized  in  Table  1 .  The  binder  applied 
to  type- A  and  -B  rovings  was  designated 
commercially  for  continuous  strand  mat,  and 
the  binder  applied  to  typc-C  and  type-D 
rovings  was  designated  for  chopped  strand 
mat.  The  amount  of  binder  in  typc-A  roving 
was  a  standard  for  continuous  strand  mat,  and 
the  amount  in  type-C  roving  was  the  same 
with  type-A  roving.  The  amount  of  binder  in 
type-B  and  -D  rovings  were  almost  half  of 
type-A  and  -C  rovings. 

By  using  these  materials,  resin 
impregnated  unidirectional  glass  fiber  roving 
composite  specimens  were  prepared.  A 
certain  number  of  rovings  were  aligned  and 
combined  to  one  bundle,  and  resin  with 
hardener  (methyl  ethyl  ketone  peroxide)  was 


impregnated  under  vacuum  condition.  Resin 
impregnated  fiber  bundle  was  pulled  into  the 
PTFE  tubular  mold  and  was  cured  at  80°C  for 
2  hours.  After  complete  curing,  the  specimen 
was  demoldcd.  Fiber  volume  fraction  of 
each  composite  was  about  45%. 


Weight  Change  Measurement 
In  order  to  evaluate  the  effect  of  binder  on  the 
weight  change  behavior,  the  specimens  were 
immersed  in  distilled  water  at  100°C  for 
fixed  periods.  Immersion  times  were  3,  10, 
30,  100,  300  and  1000  hours.  Before 
immersion,  all  the  specimens  were  fully  dried 
at  100°C  under  vacuum  condition,  and  the 
initial  weight  of  the  specimen  (Wu)  was 
measured.  After  fixed  period  of  immersion, 
the  weight  of  the  wet  specimen  (Ww)  was 
measured,  and  then  the  specimen  was 
re-dried  at  100°C  under  vacuum  condition. 
After  reaching  the  fully  dried  condition,  the 
weight  of  the  re-dried  specimen  (Wd)  was 
measured.  From  these  weight  measurements, 
the  net  weight  gain  (Mg)  and  the  weight  loss 
(M|)  were  evaluated  by; 


W  -W,  W  -W, 

Mg  =  m,  =  °  d 


w„ 


w„ 


(1) 


In  order  to  discuss  the  degradation  of 
the  interphase,  cross-section  of  the 
specimens  after  weight  measurement  were 
observed  by  scanning  electron  microscope. 

Experimental  Results 

Figs.  1  and  2  show  the  changes  of  net 
weight  gain  (Mg)  due  to  hydrothermal  aging. 
In  type-A  and  -B,  where  the  binder  for 


Table  1  Summary  of  fiber  rovings. 


Type 

ABC 

D 

Filament  diameter 

21pm 

Number  of  filaments 

1,200  filaments 

Binder  type  for 

Continuous  strand  mat  Chopped  strand  mat 

Weight  reduction  after  burned-out 

0.21%  0.11%  0.25% 

0.13% 
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Fig.l  Changes  of  weight  gain  (Mg)  due  to 
water  immersion  for  type-A  and  -B. 


0  5  10  15  20  25  30  35 

Squaure  of  immersion  time  (Vh) 

Fig.2  Changes  of  weight  gain  (Mg)  due  to 
water  immersion  for  type-C  and  -D. 

continuous  strand  mat  were  applied,  Mg 
increased  almost  linearly  to  30  hours 
independent  of  the  amount  of  the  binder,  and 
after  that,  it  reached  equilibrium.  However, 
it  gradually  increased  again  from  300  hours 
immersion.  In  type-C  and  -D,  where  the 
binder  for  chopped  strand  mat  were  applied, 
Mg  increased  in  the  same  way  with  type-A 
and  -B,  however,  Mg  value  in  equilibrium 
was  lower  than  type-A  and  -B.  Mg  in  type-C 
and  -D  also  began  to  re-increase  linearly 
against  the  square  root  of  immersion  time  at 
300  hours  immersion,  and  its  gradient  was 
much  higher  than  type-A  and  -B. 

Figs.3  and  4  show  the  changes  of 
weight  loss  (MO  due  to  hydrothermal  aging. 


0  5  10  15  20  25  30  35 

Squaure  of  immersion  time  (V~h) 

Fig.3  Changes  of  weight  loss  (Mi)  due  to 
water  immersion  for  type-A  and  -B. 


0  5  10  15  20  25  30  35 

Squaure  of  immersion  time  (V~h) 

Fig.4  Changes  of  weight  loss  (Mi)  due  to 
water  immersion  for  type-C  and  -D. 

In  type-A  and  -B,  M|  was  almost  zero  to  100 
hours  immersion,  and  after  that,  it  increased 
linearly  against  the  square  root  of  immersion 
time  independent  of  the  amount  of  binder.  In 
type-C  and  -D,  the  immersion  time  to  begin 
increasing  M|  was  delayed  to  type-A  and  -B, 
and  it  increased  linearly  against  the  square 
root  of  immersion  time  from  300  hours 
immersion.  In  addition,  the  increasing  rate  of 
Mi  was  lower  than  type-A  and  -B. 

The  matrix  resin  and  the  glass  fiber 
used  for  all  the  specimens  were  the  same  and 
the  difference  in  these  specimens  was  the 
binder  only.  Therefore  it  is  considered  that 
the  difference  in  the  weight  change  behavior 
is  brought  by  the  influence  of  binder.  The 
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(a)  (b) 

Fig.5  Scanning  electron  micrographs  of  the  cross-section  for  type-C  specimens; 
(a)  non-immersed  specimen  and  (b)  1000  hours  immersed  specimen. 


beginning  of  re-incrcasing  Mg  corresponded 
to  the  beginning  of  increasing  M]  in  all  the 
specimens.  This  fact  suggested  that  the  water 
penetrated  into  the  debonded  interphase 
region  resulted  from  the  dissolution  of  the 
binder.  As  shown  in  Fig.5,  the  debonding  at 
interphase  region  appeared  as  a  result  of 
water  immersion,  and  such  debonding 
increased  with  increasing  the  immersion  time. 
However,  the  amount  of  Me  in  re-increasing 
stage  did  not  correspond  to  the  amount  of  M|. 
If  the  debonding  occurs  deeply  inside  the 
material,  water  can  stay  there  even  after 
taking  out  the  specimen  from  the  water  bath. 
It  is  considered  that  such  degradation 
phenomenon  occurs  in  type-C  and  -D,  and 
therefore  they  showed  remarkable  increase  in 
Mg  and  M]  at  longer  immersion  time.  On  the 
other  hand,  it  is  considered  that  the 
debonding  only  occurred  at  the  vicinity  of  the 
specimen  edges  in  type- A  and  -B,  and 
therefore  the  water  cannot  stay  inside  the 
material.  As  a  result,  Mg  did  not  increased 
remarkably  at  longer  immersion  time  in  these 
specimens. 

Conclusions 

This  study  dealt  with  the  effect  of 
binder  on  hydrothermal  aging  of  glass  fiber 
reinforced  unsaturated  polyester  composite. 
The  glass  fiber  rovings  with  different  types 
of  binder  were  used  as  the  reinforcement  in 
order  to  examine  the  effect  of  binder  on  the 


interfacial  degradation.  The  weight  changes 
due  to  water  immersion  were  not  sensitive  to 
the  amount  of  binder,  however,  they 
depended  on  the  composition  of  binder.  In 
the  composite  with  the  binder  for  chopped 
strand  mat,  the  water  penetrated  to  the 
dissolved  interface,  and  as  a  result,  the 
weight  gain  showed  remarkable  increase  at 
longer  immersion  time.  In  the  composite 
with  the  binder  for  continuous  strand  mat,  the 
dissolution  of  the  binder  occurred  at  the 
vicinity  of  the  specimen  edges,  and  such 
dissolved  region  did  not  keep  the  water 
inside  the  material.  As  a  result,  the  weight 
gain  of  this  composite  was  lower  than  the 
others. 
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Abstract 

Purpose  of  this  study  was  to  examine 
the  effectiveness  of  interfacial  property  on 
braided  composites  from  the  viewpoint  of 
fabric  architecture.  Tensile  testing  of  braided 
composites  was  performed  to  determine  the 
effect  of  binding  agent  on  interfacial 
properties  of  braided  composites. 

In  the  case  that  fiber  bundle  continue, 
there  are  no  effect  of  interface,  whereas,  in 
the  case  that  fiber  bundle  does  not  continue, 
effect  of  interface  appeared.  Braiding  angle 
greatly  affected  on  the  effectiveness  of 
interfacial  property  and  in  the  case  of  large 
braiding  angle,  the  effects  of  interface  were 
remarkable. 

Key  Words:  Braided  Composites,  Initial 
Fracture,  Interfacial  Properties. 

Introduction 

It  has  been  clarified  that  knee  point 
on  the  stress-strain  curve  can  be  used  for 
quantitative  evaluation  of  initial  fracture[l]. 
In  the  case  of  woven  fabric  composites,  the 
initial  fracture  was  confirmed  to  be 
transverse  crack,  that  is,  fracture  at  the 
interface  inside  of  fiber  bundle.  By  using 
these  results,  knee  point  on  stress-strain 
curve  was  also  used  for  quantitative 
evaluation  of  interface  inside  of  fiber  bundle. 
Thus,  in  case  that  the  initial  fracture  occurs 


on  an  interface,  the  accurate  identification  of 
initial  fracture  can  lead  to  the  evaluation  of 
interface  property. 

For  the  braided  composites,  the 
same  approach  would  be  used;  we  have 
already  examined  the  stress-strain  curve  and 
the  micro  fracture  behavior  by  in-situ 
observation.  However,  there  are  numerous 
design  parameters  for  braided  fabric,  such  as 
weaving  structure  and  braiding  angle,  and  so 
on.  These  factors  have  the  effect  on  micro 
fracture  behaviors,  i.e.,  debonding  between 
fiber  and  matrix  at  interface,  debonding  at 
fiber  crossing  part,  transverse  crack,  and 
filament  fracture.  The  difference  in  the 
location  at  which  micro  fractures  occur  is  to 
be  a  factor  for  difference  in  effectiveness  of 
interface  property  on  the  mechanical 
properties  of  composites. 

In  this  study,  the  effectiveness  of 
interfacial  property  on  braided  composites 
was  investigated  from  the  viewpoint  of  fabric 
architecture;  continuity  of  fiber  bundle  and 
braiding  angle.  Tensile  testing  of  braided 
composites  was  performed  to  determine  the 
effect  of  binding  agent  on  interfacial 
properties  of  braided  composites.  To 
investigate  the  effect  of  fiber  continuity,  two 
types  of  braided  composite  were  used;  a 
normal  flat  braided  compc  site  (Non-cut 
specimen)  and  a  flat  braided  whose  side  edge 
fiber  bundles  were  cut  (Cut  specimen). 
Moreover,  two  types  of  braiding  angle  were 
prepared  in  Cut  specimen. 
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Experiment 


Materials 

Materials  used  in  this  study 
comprised  of  2  types  of  glass  fibers  with 
different  quantities  of  binding  agent  (ER575 
CH653  and  CH654,  17ji  m,  1000  filaments, 
Nippon  Electrical  Glass  Co.,  Ltd.)  as 
reinforcement.  These  glass  fibers  were 
referred  to  as  Low,  and  High,  according  to 
the  ratio  of  binding  agent  quantity  (0.1:  2), 
whilst  the  quantity  of  coupling  agent  was 
constant  for  each  fiber.  Binding  agent  reduce 
the  damage  by  friction  of  fiber,  however,  too 
much  binding  agent  reduces  the  adhesive 
effect  of  the  coupling  agent  [2]. 

Two  types  of  braiding  angle  shown  in 
Fig.  1  were  prepared.  Braiding  angle  of  type 
A(20°)  is  smaller  than  that  of  type  B(33°).  In 
this  study,  braiding  angle  was  changed  only 
for  Cut  specimen. 

Dimensions  of  the  specimens  are 
shown  in  Fig.  2.  Tensile  tests  of  braided 
composites  were  performed  in  order  to 
consider  the  effect  of  binding  agent  on  the 
mechanical  properties  with  changing  the 
continuity  of  fiber  bundle  and  the  braiding 
angle. 

Micro-fracture  behavior 

In  order  to  clarify  the  microscopic 
fracture  process  for  these  braided 
composites,  in-situ  observation  were 
performed. 

Figure  3  shows  an  example  of 
fractured  filaments  observed  in  the  Non-cut 
specimen  obtained  by  optical  microscopy.  In 
Non-cut  specimen,  only  the  filament  fracture 
occurred  and  the  number  of  filament  fracture 
increased  with  increasing  strain. 

Figure  4  illustrates  the  onset  of 
delamination  and  growth  between  fiber 
bundles  at  the  surface  edge  of  Cut  specimens 
obtained  by  replica  observation.  In  the  Cut 
specimens,  initial  microscopic  damage  was 
delamination  of  the  fiber  bundles  at  the 
center  of  the  fiber  crossing  region.  The 
delamination  progressed  along  the  fiber 


crossing  part  and  then  around  the  fiber 
bundles.  As  the  tensile  stress  was  increased 
further,  the  delamination  reached  the 
specimen  surface  and  the  fiber  bundles  were 
eventually  pulled  out  of  the  matrix. 


Effectiveness  of  interfacial  property 


Effects  of  continuity  of fiber  bundle 

Table  1  shows  initial  fracture  stress 
and  strain  obtained  by  knee  point  on 
stress-strain  curve.  Comparing  the  Low  and 
High  specimens,  initial  fracture  stress  and 
strain  of  High  specimen  shows  higher  than 
those  of  Low  for  the  Non-cut  specimen.  On 
the  other  hand,  in  the  case  of  Cut  specimen, 
initial  fracture  strain  of  High  specimen  was 
smaller  than  that  of  Low  specimen. 

Initial  fracture  strain  of  Non-cut 
specimens  agreed  with  the  strain  at  which 
filament  fracture  occurred.  For  the  Cut 
specimen.  Table  2  shows  the  replica 
observation  results.  With  excessive  binding 
agent,  the  adhesion  between  fiber  and  matrix 
became  lower  so  that  delamination  occurred 
at  a  lower  strain.  Strain  at  which 


Non-cut  specimen  Cut  specimen 

Fig.  2  Specimen  geometry 
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Fig.  3  Filament  fractures. 


(b)  Progress  around  fiber  bundles 


Fig.  4  Fracture  at  Cut  specimens. 

Table  1  Initial  fracture  stress  and  strain. 

Initial  fracture  Initial  fracture 
stress  (MPa)  strain  (%) 

Non-cut  Cut  Non-cut  Cut 
Low  278  146  1.37  0.93 

High  416  152  1.88  0.76 

Table  2  Replica  observation  results  of  Cut  specimen. 


Strain  (%) _ Low _ Hii 


0 

0.5 

initiation  of  delamination 

0.6 

initiation  of  delamination 

0.7 

Progress  between  fiber  bundles 

0.9 

Progress  between  fiber  bundles 

Progress  around  fiber  bundles 

1.1 

Progress  around  fiber  bundles 
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delamination  progressed  between  fiber 
bundles  were  agreed  with  initial  fracture 
strain.  From  these  results,  it  was  clarified 
that  knee  point  agreed  with  the  initiation  of 
initial  fracture  for  the  braided  composites. 

Initial  fracture  stress  was  increased 
with  increasing  binding  agent  quantity  for  the 
Non-cut  specimen  since  filaments  do  not 
damage,  whereas,  initial  fracture  of  Cut 
specimen  was  caused  by  the  delamination 
around  a  fiber  bundle,  so  that  initial  fracture 
stress  was  decreased  with  increasing  binding 
agent  quantity.  Consequently,  the 
effectiveness  of  binder  agent  was  different 
depending  on  the  continuity  of  fiber  bundle; 
it  was  effective  for  filament  strength  on 
Non-cut  specimen  and  interfacial  strength 
around  fiber  bundle  on  Cut  specimen. 

Effects  of  braiding  angle 

Figure  5  shows  relationship  between 
initial  fracture  stress  and  binding  agent 
quantity  of  two  specimens.  Initial  fracture 
stress  of  type  B  is  lower  than  that  of  type  A. 
Decreasing  ratio  from  the  Low  to  High  of 
type  B  is  larger  than  that  of  type  A.  It  is 
supposed  that  braiding  angle  greatly  affect  on 
the  effectiveness  of  interfacial  property, 
because  the  shear  stress  occurred  at  the 
interface  became  larger  with  increase  in 
braiding  angle.  In  the  case  of  braided 
composites,  the  compressive  stress  and  shear 
stress  on  the  fiber  crossing  part  occurred  [3]. 
It  was  considered  that  the  fiber  crossing  part 


did  not  fracture  by  the  compressive  stress. 
Therefore,  the  fracture  of  fiber  crossing  part 
was  caused  by  the  shear  stress  and  in  the  case 
of  large  braiding  angle  the  effects  of  interface 
property  were  remarkable. 

Conclusion 

In  this  study,  the  effectiveness  of 
interfacial  property  on  mechanical  properties 
of  braided  composites  was  investigated  from 
the  viewpoint  of  fabric  architecture.  The 
effects  of  binder  agent  depended  on  the 
continuity  of  fiber  bundle;  it  was  effective  for 
filament  strength  on  Non-cut  specimen  and 
interfacial  strength  around  fiber  bundle  on 
Cut  specimen.  Moreover,  Cut  specimen  with 
large  braiding  angle  showed  lower  initial 
fracture  stress,  it  was  cleared  that  braiding 
angle  affect  on  the  effectiveness  of  interfacial 
property. 
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Abstract 

The  electromagnetic  radiation  is 
harmful  to  a  man  when  its  density  is  more  than 
a  certain  value.  It  is  very  important  to  develop 
a  new  type  of  conductive  polymer  composites 
in  order  to  prevent  men  from  radiation.  This 
paper  presents  the  relationship  between 
conductivity,  shielding  effectiveness  (EMI) 
and  electrostatic  charge  (ESD)  of  rubber  filled 
with  different  contents  of  YBCO 
superconductor.  The  results  showed  that  the 
good  property  of  material,  positive 
temperature  coefficient  of  resistivity  (PTC), 
temperature  sensor  and  ESD  applications. 
Furthermore,  the  shielding  effect  of  the  novel 
conductive  composite  to  EMI  and  microwave 
radiation  is  well. 

1.  Introduction 

Polymer  composites  materials  have 
been  studied  for  many  years  and  really 
constitute  a  very  active  area  for  researches  in 
material  science.  The  physico-chemical 
properties  of  rubber  filled  with  structured  filler 
are  influenced  by  factors  such  as:  type  of  filler, 
particle  size,  volume  fraction,  surface  area  of 
filler,  and  processing  condition  [1].  These 
composites  can  behave  as  a  very  non-positive 
temperature  coefficient  (PTC)  resistors;  a 
property  that  has  been  exploited  in  a  number 
of  smart  material  applications  including  self¬ 
regulating  heating  cables,  electrostatic  charge 
dissipation  (ESD)  [1,2],  electromagnetic 
interference  (EMI)  and  others.  In  recent  years, 
EMI  problem  or  electromagnetic  pollution  has 
received  wide  attention  because  of  the 
malfunctioning  of  the  electronic  equipments 
from  the  radiations  generated  from  the  source 
or  emerging  from  other  electronic  equipments. 
With  this  consideration,  we  study  the  effect  of 


YBCO  on  the  electrical  properties;  ESD  and 
EMI  of  rubber  composites,  aiming  to  get 
complete  information,  which  might  help  the 
scientific  and  technical  point  of  view. 

2.  Experimental  Work 

The  matrix  materials  were  butyl  rubber 
(HR),  ethelene-propylene-diene  rubber 
(EPDM),  and  the  filler  was  YiBa2Cu3C>7 
high-Tc  superconductor  (YBCO).  The 
YBCO  system  was  prepared  by  solid-state 
reaction  of  a  stoichiometric  proportion  of 
Y2O3,  BaC03  and  CuO.  The  reagents  were 
sintered  four  times  at  a  temperature  980  °C 
for  5  hrs.  The  final  compound  have  zero 
resistance  of  about  100  K,  surface  area  was 
about  16  g/cm2  and  average  particle  sizes 
were  about  8  jxm.  Details  of  the  formulation 
of  the  mixes  are  given  in  the  Table  1.  The 
rubber  composites  were  prepared  by  two 
roll  mill  of  300  mm  length,  170  mm 
diameter  with  speed  of  slow  roll  18  rev/min 
and  gear  ratio  1.4,  by  careful  control  of 
temperature,  time  of  mixing  and  nip  gap. 
The  vulcanization  process  was  carried  out 
under  pressure  of  500  KN/m2  for  5  hours  at 
165  °C.  The  surface  morphology  was 
measured  by  a  scanning  electron 
microscope  (SEM).  The  circuit  used  for  I-V 
and  dc  electrical  conductivity  (cr) 
measurements  were  described  elsewhere 
[1].  The  total  EMI  of  rubber  films  is  equal 
to  the  sum  of  the  reflection  loss  (R), 
absorption  loss  (A)  and  a  correction  factor 
(B).  The  correction  factor  can  be  neglected 
for  plane  waves.  The  reflection  loss  and 
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absorption  loss  could  be  expressed  as 
follows  [1] 

i?  =  168  +  101og(a  /  nrf)  (1) 

.4  =  3.34(^71  (2) 


where  pr :  is  the  relative  permeability,  /  : 
is  the  frequency,  and  t :  is  the  sample 
thickness. 

The  static  charge  of  the  rubber  composites 
was  measured  using  static  charge  meter 
(SCM).  The  static  energy  is  calculated 
using  the  relationship: 

E  =  0.5CV2  (3) 

The  amount  of  the  bound  rubber  ( Br )  was 
determined  by  the  equation: 


Br  = 


1  — 


(4) 


where  :  are  the  weights  of  the  sample 

before  and  after  extraction  (1  g),  respectively, 
wf  :  is  the  weight  of  the  filler  in  the  sample. 


The  density  of  states  at  the  Fermi-level  N(e) 
is  given  by: 


<  9  V 

S^EME)j 


(5) 


where  D :  is  the  hopping  distance,  y  :  is  the 
inverse  rate  of  all  of  the  wave  function  and  is 
about  18  Al>,  and  Ea  :  is  the  activation  energy. 


Table  1  Formulation  of  rubber  mixture 


Ingredients,  phr 

F10 

FI  5 

F20 

F30 

F40 

IIR 

90 

90 

90 

90 

90 

EPDM 

10 

10 

10 

10 

10 

Pb-Stearate 

1 

1 

1 

1 

1 

YBCO 

5 

5 

5 

5 

5 

KPS 

1 

1 

1 

1 

1 

CN 

1 

1 

1 

1 

1 

Silane-69 

1 

1 

1 

1 

1 

KPS:  Potassium  peroxodisulfate 
CN:  Cobalt  Naphthenate 


3.  Results  and  discussion 
3.1  Morphology  and  electrical  studies 

The  preliminary  experiment  shows 
that  the  microstructure  of  I1R  changes  with  the 
insertion  of  the  filler.  Fig.  1  shows  the  SEM  of 
sample  F40.  It  is  seen  that  good  adhesion  and 


connectivity  between  filler  and  rubber 
interface.  For  more  confirmation,  Br  as  a 
function  of  filler  contents  are  55,  56,  63,  74, 
and  85  %  respectively.  This  is  also  an  evidence 
for  of  the  increased  rubber  to  filler  interaction. 


Fig.l:  SEM  of  sample  F40 

Fig.  2  illustrates  the  temperature 
dependence  of  the  electric  resistivity  (p  -T) 
of  IIR  filled  with  different  content  of  YBCO. 
As  we  expected,  the  static  resistivity  at  room 
temperature  is  markedly  decreased  with  the 
increase  of  YBCO  content.  The  decrease  of 
free  volume  and  intermolecular  distance  among 
conductive  phases  are  one  of  the  reasons  for 
the  increased  interface  adhesion  and 
conductivity.  This  is  confirmed  by  estimating 
the  thermal  expansion  coefficient  (a),  with 
YBCO  content,  which  are  8.3  a10~3, 
6.3a-  10'3,  5.1a  10~3,  4.3xl0"\  and 

2.3a  1CT3  K~l  respectively. 

In  Fig.  2  it  is  seen  that,  at  relatively  low 
temperature  range,  p  is  near  slightly 
dependent  on  T .  This  may  be  attributed  to  the 
direct  contact  and  block  of  conductive  phases; 
which  resist  the  breakage  as  the  rubber  is 
thermally  expanded.  While  at  moderate  T ,  the 
p  increases  with  the  increased  T ;  this  is 
probably  a  result  of  the  breakdown  of 
conductive  phases  structures  due  to  the  thermal 
expansion  of  the  rubber  matrix  and  the  increase 
of  the  barrier  height  energy  among  conductive 
phases.  In  other  words,  the  rise  of  T  will  cause 
an  appreciable  increase  in  the  intermolecular 
distance  among  conductive  filaments,  which 
leads  directly  to  a  drop  of  the  tunneling 
probability  and  scattering  of  charge  carriers  at 
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the  rubber  layers  between  conductive  phases. 
Finally,  this  belongs  to  relatively  high  T  in 
which  the  separation  distance  between 
conductive  phases  becomes  so  large, 
simultaneously,  the  intrinsic  conduction  due  to 
the  carriers  of  the  host  materials  begins  to 
appear  (i.e.  thermal  activation  conduction 
mechanism),  and  the  composite  shows 
(NTCC)  effect.  The  activation  energy  Ea  as  a 
function  of  YBCO  content  is  calculated  by 
using  Arrhenious  equation  and  is  about  0.92, 
0.81,  0.66,  0.44,  and  0.21  eV,  respectively. 
The  hopping  energy  Eh  are  calculated  by 
using  the  following  equation: 

a  Jr  =Aexp{Eh/KT)  (6) 
The  values  of  Eh  as  a  function  of  YBCO 
content  are  1.73,  1.21,  1.01,  0.87,  and  0.69  eV 
respectively.  In  short  the  values  of  Ea  and  Eh 
are  not  close.  This  indicates  that  the 
conduction  mechanism  of  p  in  HR 
composites  is  controlling  by  tunneling  effect 
[2].  Finally,  the  value  of  N(e)  as  a  function 
of  YBCO  content  is  22xl020,  4.3 xl02\ 
5.6  xlO20,  7.2  x  102°  and  8.7  xlO20  cm'3, 
respectively.  This  means  that  YBCO  acts  as  a 
charge  carrier  reservoir  into  epoxy  matrix. 


Fig.  2:  a  -  T  curves  for  all  samples 


3.2  I  -V  -T  studies 
In  Fig.  3  the  current-voltage 
I  -  V  characteristic  of  rubber  composites  were 


illustrated.  It  was  observed  that  at  low  values 
of  electric  potential,  the  linear  behavior  is 
predominant  without  any  remarkable  change  of 
the  sample  temperature.  The  increases  of  the 
electric  potential  above  a  certain  limit  leads  to 
an  increase  in  the  Joule  heating  effect  and 
consequently  an  increase  in  the  whole  sample 
temperature.  As  a  result,  a  deviation  of  I  -  V 
characteristic  from  linear  to  non-linear  at 
certain  voltage,  namely  switch  voltage  that 
depends  on  filler  content  is  observed.  The 
current  decreases  beyond  this  switch  potential 
leading  to  what  is  called  a  negative  resistance 
behavior.  It  is  interesting  to  mention  that,  the 
temperature  increase  linearly  with  the  increase 
of  the  applied  potential.  This  means  that  this 
composite  can  be  used  as  switching  effect 
application.  Fig.  4  shows  the  applied  power 
density  against  heating  temperature  P-T  for 
rubber  composites.  It  is  clear  that  the 
temperature  increase  linearly  with  increasing 
applied  potential.  The  increase  of  the 
temperature  level  at  the  same  applied  power 
with  increasing  filler  content  indicates  that  the 
fillers  enhancing  the  stable  structure  of  rubber 
matrix.  The  sensitivity  of  a  thermistor  is 
usually  characterized  by  the  constant  ,  which 
is  defined  by  [2]: 

/J  =  in(vfl2)/(i/r,-i/r2)  (7) 

The  values  of  HR  composites  with  different 
content  of  YBCO  are  1450,  1766,  1900,  3015, 
and  4569  K  respectively,  which  makes  it 
possible  to  provide  an  effective  heat  generation 
with  reasonable  sensitivity  for  temperature 
sensor. 


Voltage,  (volts) 

Fig.  3:  /  -  V  curves  for  all  samples 
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Fig.  4 :  P  ~T  curves  for  all  samples 

3.3  ESD  and  EMI  studies 

Static  energy  value  as  a  function  of 
YBCO  content  arc  16xl0'5, 
34 X  l(Tfi,l  1 X  10‘7 , 28 X 10'8  and  61  x"9  J 
respectively.  This  means  that  there  is  a 
complete  dissipation  of  ESD  with  decreasing 
conductive  filler  content.  In  more 
confirmation,  the  half-life  time  of  leakage  of 
electrostatic  charge  (rf/  2 )  was  measured  by 

corona  discharge  technique  under  applied 
voltage  (V)  about  15  KV,  for  t=20  s,  and  can 
be  described  by  the  following  empirical 
formula  and  it  was  calculated  at  /  =  ri/2  [1,2]. 

The  calculated  values  of  ty  2  versus  YBCO 
content  are  10,  21,  29,  42,  and  63  s.  it  is  seen 
that  the  discharge  time  r(/  2  increase  with 

increasing  YBCO  content  and  more  than  10  s, 
excepted  sample  F10,  thus  there  is  time 
dependence  on  surface  potential  could  be 
registered.  This  indicates  that  the  HR 
composites  with  high  YBCO  content  is  not 
sufficient  to  remove  any  charge  from  the 
sample  immediately  and  are  considered  as 
composites  with  good  antistatic  properties  at 
low  filler  content  but  useful  for  EMI 
applications  at  high  filler  content.  Fig.  (5) 
shows  the  effect  of  YBCO  content  on  EMI.  It 
should  be  interesting  to  mention  that  the  EMI 
increased  with  increasing  filler  contents.  This 
ascribed  to  with  increasing  filler  content  the 


gaps  between  conductive  phases  becomes 
minimum  and  conductive  phases  becomes 
tighter  and/or  contacts  enough.  So  the  mobility 
carriers  are  easier  to  hop  and/or  transfer  across 
gaps  into  epoxy  matrix.  This  refers  that  at  low 
loading  level  the  composites  cannot  be 
effectively  used  for  shielding  effectiveness. 
While  the  higher  loading  levels  of  YBCO  in 
the  elastomer  matrix  give  a  higher  shielding 
effectiveness  of  the  order  of  46  dB. 


1  10  100  1000  10000 
Frequency,  (MHz) 

Fig.  5:  EMI  vs.  IIR/YBCO  composites. 

Conclusions 

1.  The  presence  of  YBCO  modifies 
extensively  the  microstructure  and  cross 
linking  density  of  rubber  matrix. 

2.  Electrical  conductivity  is  strongly 
affected  by  the  YBCO  content  and  the 
conduction  mechanism  governed  by 
tunneling  process. 

3.  IIR- YBCO  composites  are  useful  for 
temperature  sensor  and  current  limiter. 

4.  Low  loading  levels  of  YBCO  in  the 
composite  can  be  used  for  the 
dissipation  of  electrostatic  charge 
whereas  high  loading  levels  can  be  used 
for  the  EMI  application. 
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Abstract 

When  excimer  laser  is  irradiated  on  poly 
(ethylene  terephthalate)  (PET)  fibers  or  films, 
fine  roll-like  structures  appear  on  the  surface. 
This  phenomenon  has  a  possibility  to  change 
the  surface  functionality,  e.g.  adhesion  or 
wetting  properties.  Laser  treatment  reduces 
environmental  pollution  because  it  does  not 
involve  any  solvent  in  contrast  to  conventional 
chemical  processes. 

The  modified  surface  morphology  was 
studied  by  using  SEM  and  AFM.  The  roll-like 
structures  on  the  surface  were  analyzed  as 
functions  of  stretched  degree,  laser  fluence  and 
number  of  laser  pulses. 

In  order  to  control  the  roll-like  structures,  we 
mainly  concentrated  on  the  mechanism  of  the 
structure  formation  To  clarify  the  structure 
formation  mechanism,  a  simple  model  was 
proposed  and  computer  calculation  was 
attempted. 

Key  words 

Excimer  laser,  Poly  (ethylene  terephthalate). 
Surface  treatment,  Roll-like  structures 

1.  Introduction 

Since  excimer  laser  treatment  onto  polymeric 
materials  was  investigated  in  1982  [1],  this 
method  has  been  used  in  various  studies  as  a 
new,  dry  and  uncontact  surface  treatment  of 
polymeric  materials.  When  excimer  laser  was 
irradiated  onto  PET  materials,  fine  roll-like 
structure  appears  on  the  surface. 

This  phenomenon  has  a  possibility  to 
enhance  surface  functionality,  for  instance. 


adhesion,  wettability  and  adsorptioa  In  the  case 
of  fiber,  the  possibility  as  a  tire  code  was 
studied  [2],  If  the  adhesion  between  rubber  and 
fiber  become  much  stronger,  we  could  expect  to 
obtain  a  tire  with  higher  performance. 

We  think  that  controlling  of  surface 
morphology  is  necessary  to  prepare  new 
composite  materials.  In  this  study,  we  tried 
various  experiments  to  clarify  the  mechanism  of 
structure  formation.  On  the  basis  of 
experimental  results,  a  simple  model  for 
structure  formation  was  proposed  And  the 
computer  calculation  was  attempted. 

2.  Experimental 

2.1  Sample 

PET  fibers  and  stretched  films  were  used  as 
samples.  The  PET  fiber  (Teijin,  T-03350)  used 
in  this  experiment  was  a  kind  of  plain  woven 
fabric.  The  width  of  filament  was  around  20  um 
The  PET  films  used  are  unstretched,  uniaxialy 
stretched  (x  2  or  x  3),  and  biaxially  stretched  (3 
x3). 

2.2  Excimer  laser  irradiation 

Irradiation  was  conducted  in  air  with  KrF 
excimer  laser  (Lambda  -  Physik  Model  LPX- 
2000;  wavelength  =  248  nm).  Fluence  and  the 
number  of  pulses  were  varied  at  each  irradiation. 
Irradiation  frequency  was  fixed  at  1Hz  to 
minimize  thermal  damage  of  the  material. 

2.3  Observation  of  surface  morphology 
The  surface  structure  of  the  sample  after  laser 

irradiation  was  observed  using  the  scanning 
electron  microscopy  (SEM;  JEOL,  JSM-5600). 
Roll  width,  distance  and  height  were  measured 
by  the  atomic  force  microscopy  (AFM;  Seiko 
Instruments  Inc,  SPA300). 
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3.  Results  and  discussion 

3.1  Effect  of  stretching 

Fig.l  shows  the  SEM  photographs  of  different 
stretched  PET  film  surfaces  after  laser  irradiation. 
The  arrows  on  indicate  the  stretching  directions. 
Though  the  roll-like  structure  was  not  observed, 
innumerable  upheaves  appeared  on  the  surface  of 
unstretched  PET  films  (a).  Fine  roll-like  structures 
were  formed  on  the  uniaxially  stretched  films  (b). 
The  rolls  seemed  to  be  perpendicular  to  the 
stretching  direction.  In  the  case  of  biaxial 
stretched  films,  bossy  structures  appeared  (c). 

These  results  indicate  that  the  roll-like  structure 
can  be  formed  only  after  stretching  and  that  the 
internal  stress  fields  which  is  released  by  the 
excimer  laser  irradiation  changes  the  surface 
morphology. 

3.2  Effect  of  the  number  of  pulses 

3.2.1  Irradiation  onto  PET  fiber 

Fig.2  shows  the  surface  morphology  change  of 
PET  fiber  with  the  number  of  laser  pulses  at 
fluence  of  100mJ/cm2  After  5  pulses, 
innumerable  fine  roll-like  structures  appeared  on 
the  surface  (b).  In  the  case  of  1  pulse,  it  showed 
the  even  surface  (a).  At  the  fewer  laser  pulses  than 
20,  the  pattern  of  roll-like  structures  was 
complicated.  With  further  increases  in  the  laser 
pulses,  however,  the  branches  of  roll-like 
structures  disappeared  gradually.  These  patterns 
of  the  rolls  become  perpendicular  more  clearly  to 
the  fiber  axis.  After  100  pulses,  the  surface 
showed  the  regular  pattern.  The  cross  section  of 
rolls  shows  triangle  waves. 

At  the  moment  of  laser  irradiation,  we  could 
see  white  smoke.  Some  gases  or  fragments  may 
be  generated  from  the  surface. 

3.2.2  Irradiation  to  PET  film 

Fig.3  shows  the  average  roll  sire  of  stretched 
PET  films  (x  2)  as  a  function  of  the  number  of 
laser  pulse.  As  the  number  of  laser  pulse  increased, 
the  roll  width  and  the  roll  distance  were 
continuously  developed  although  the  roll  height 
quickly  reached  an  asymptotic  value.  The  limited 
growth  of  the  height  may  depend  on  the  depth  of 
the  laser  penetration.  The  sire  of  the  roll  width 


was  around  1  ~3  u  m . 

The  surface  morphology  of  the  samples  with 
different  pulses  was  imaged  by  AFM  (Fig.4).  The 
left  side  of  AFM  image  shows  a  bird’s-eye  view 
and  the  right  one  shows  the  cross  section  of  the 
roll-like  structure.  Though  various  roll  sizes  of 
upheaves  formed  at  1  pulse,  no  roll-like  structure 
was  observed  from  a  bird’s-eye  view.  The  small 
upheaves  at  1  pulse  were  absorbed  into  the  large 
rolls  at  20  pulses.  Clear  roll-like  structures 
appeared  on  the  surface  at  20  pulses.  The  increase 
in  the  roll  sire  might  be  due  to  mergence  of  small 
rolls. 


Fig.l  SEM  photographs  of  different  stretched  films;  100tnJ/cW,  20pulscs 
(a)  unstretchcd  (b)  uniaxially  stretched  ( x  3)  (c)  biaxially  stretched  ( 3  X  3) 


Fig.2  SKM  photographs  of  PET  fiber  after  different  laser  pulses  (lOOmJ/cm2) 
a)  1  pulse  b)  5  pulses  c)  10  pulses  d)  20  pulses  e)50  pulses  f)100pclscs 
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Laser  irradiation 


Fig.5  (a).  Schematics  of  structure  formation  model 


Fig.4  AFM  view  of  PET  film  (2  fold  stretching) 
(a)  lpulse  (b)  20  pulses 


3.3  Model  construction 

33.1  Schematics  of  structure  formation 

model 

Considering  the  experimental  results 
mentioned  above,  a  very  simple  model  for  the 
structure  formation  was  constructed.  Fig.5(a)  is 
an  schematic  representation  of  the  structure 
formation.  There  are  numerable  stretched 
polymer  chains  on  the  PET  surface.  It  was 
reported  that  the  temperature  on  the  laser- 
irradiated  polymer  surface  exceeded  1200°C  [3]. 
Even  though  the  temperature  induced  was 
much  higher  than  the  melting  point  of  PET, 
250°C,  the  change  in  surface  morphology  takes 
place  within  very  thin  surface  layer  around  l  pm 
and  a  very  strong  temperature  gradient  should 
exist  on  the  surface  because  of  veiy  short 
irradiation  time,  20ns.  Taking  all  results  into 
consideration,  the  stretched  polymer  chains 
might  shrink  quickly  to  form  the  roll-like 
structure. 


Fig.5  (b).  Schematics  of  shrinkage  of  polymer  chain 

3.3.2  Computer  calculation 

33.2.1  Simple  model  for  computer 

calculation 

A  very  simple  model  using  blocks  was 
proposed  for  computer  calculation  as  seen  in 
Fig.5(a).  As  shown  in  Fig.5(b),  the  stretched 
orientation  field  melts  as  a  result  of  laser 
irradiation,  and  then  shrinks,  resulting  in  the 
accumulation  of  the  brocks  in  the  central  region. 
The  computer  calculation  was  performed  with 
Mathematica™  based  on  the  following 
assumptions. 

•  Polymer  chains  are  expressed  as  several 
brocks  of  stretched  orientation  fields. 

•  Laser  beam  is  irradiated  at  random  on  the 
surface. 


33.2.2  Result  of  computer  calculation 

Fig.6  shows  an  example  of  the  result  of  the 
computer  calculation.  At  the  high  numbers  of 
the  shrinkage,  the  generated  surface  structure  is 
in  good  agreement  with  the  experimental  results. 
Even  though  the  computer  calculation  proposed 
here  is  very  simple,  the  result  seems  to 
reasonably  express  structure  change.  The  results 
suggest  that  the  shrinkage  of  polymer  chain 
play  an  important  role  for  the  generation  of 
roll-like  structures. 


A  B 


Fig.6  Various  stages  in  the  development  of  roll  like  structure 
Number  of  shrinkage 

A :  4  B :  16  C:64  D:256  E:1024  F:4096 
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4.  Conclusions 

After  excimer  laser  irradiation  to  PET 
materials,  clear  roll-like  structures  appeared  on 
the  surface.  In  this  study,  various  experiments 
were  conducted  to  clarify  the  mechanism  of 
structure  formation.  A  simple  model  for  the 
formation  of  the  roll-like  structure  was 
proposed  to  perform  computer  calculation.  The 
result  of  computer  calculation  reasonably 
expressed  the  formation  of  the  roll-like 
structure. 


804 


Proceedings  of  7th  Japan  International  SAMPE 
Symposium  §  Exhibition,  Nov.  13-16,  200 1 


Effect  of  fiber  sizing  treatment  on  mechanical  properties  of 

PE  /  Epoxy 


Yuji  Higuchi1,  Tadayoshi  Shimizu2 ,  Machiko  Mizoguchi2  and  Hiroyuki  Hamada2 
1:  Osaka  Gas  Co.,  Ltd. 

5-11-61  Torishima,  Konohana-ku,  Osaka  554-0051,  JAPAN 
E-mail:  higuchi@osakagas.co.jp 

2:  Graduate  School,  Kyoto  Institute  of  Technology 
matsugasaki,  Sakyo-ku,  Kyoto  606-8585,  JAPAN 


Abstract 

Tensile  tests  and  pipe  performance  tests 
were  carried  out  on  PE/Epoxy  in  which  the 
polyethylene  fibers  were  treated  with 
pre-treatment  and/or  sizing  treatment.  Tensile 
modulus  of  pre-treatment  composites  was 
higher  than  those  of  composites  without 
pre-treatment  even  though  tensile  strength  of 
both  composites  was  almost  the  same.  Knee 
point  stress  of  the  composites  without 
pre-treatment  decreased  with  sizing  treatment. 
Pipe  shape  retention  strength  of  pre-treatment 
composites  was  large  compared  to  those  of 
composites  without  pre-treatment  and  with 
sizing  treatment.  This  difference  in  pipe 
performance  was  caused  by  the  different 
interphase  made  from  pre-treatment  and/or 
sizing  treatment,  resulting  in  the  different  tensile 
performance. 

Key  Words:  PE/Epoxy;  sizing  treatment; 
tensile  properties;  pipe  performance 


Introduction 

Pipeline  automatic  lining  system  by 
inversing  the  hose  is  one  of  the  rehabilitation 
methods  for  steel  and  cast-iron  piping^.  The 
performance  of  the  rehabilitated  pipe  is  closely 
related  to  the  hose  structure,  selection  of 
matrices  as  adhesive  between  pipe  and  hose,  etc. 
Many  researchers  have  studied  the  relation 
between  these  variables  and  the  mechanical 
properties  of  pipe24). 

However,  the  effects  of  surface 
treatments  to  the  fabric  on  performance  of 
structural  composites  have  not  been 
investigated,  in  spite  of  the  importance  of 
interfacial  properties  in  composite  materials. 
One  of  the  factors  that  determines  the 
rehabilitated  pipe  performance  is  the 
permeability  of  the  matrix  to  the  fiber  bundles. 
This  paper  describes  an  evaluation  of  the  effect 
of  pre-treatment  and/or  sizing  treatment  on  the 
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tensile  property  and  on  pipe  performance  of 
PE/Epoxy  composites.  The  materials  adopted 
were  polyethylene  fabric/epoxy  resin 
composites  with  pre-treatment  and/or  sizing 
treatment. 

Experimental 

Materials  and  preparation  of  the  specimen 
The  polyethylene  yarns  (Dyneema  SK60, 
2400d,  Toyobo  Co.,  Ltd.)  were  knitted  on  a 
shuttle-knitting  machine  to  produce  plain  fabric. 
Usually,  as  received  fibers  from  the  fiber 
manufacturing  company  are  treated  with 
binders  such  as  oils  and  surfactants  to  protect 
the  fiber  surface  and  to  improve  handlability.  In 
order  to  remove  the  binder,  pre-treatment  was 
performed.  The  plain  fabric  was  immersed  in 
cyclohexane  under  ultrasonic  waves.  This  fabric 
was  called  ‘refined’  fabric.  Sizing  treatment  was 
performed  on  the  refined  fabric.  An  epoxy 
dispersion-based  sizing  agent  (EA-7)  supplied 
by  Nippon  NSC  Ltd  was  used.  The 
concentrations  of  sizing  agent  were  5, 10  and  20 
wt%  in  water.  The  refined  fabric  was 
immersed  in  the  sizing  solution  and  was  dried  at 
110°C  for  45  min.  The  matrix  used  was  a 
bisphenol-A  type  epoxy  resin  (SA-6382-2, 
Sanyu  Rec  Co.,  Ltd.).  8  types  of  specimen 
with  the  combination  of  4  concentrations  of 
sizing  treatment  and  pre-treatment  were 
prepared. 

A  flat  plate  with  one  ply  of  plain  fabric 
was  fabricated  by  a  hand  lay-up  method.  The 
fabric  was  dipped  with  a  mixture  of  epoxy  resin 
and  hardener  and  dried  under  vacuum  at  50°C 
for  10  min.  The  composite  was  subjected  to 
curing  at  50°C  for  80  min.  and  post  curing  at 
100°C  for  2h.  The  thickness  of  the  flat  plate 
was  1  mm  in  order  to  observe  the  fracture 


process  under  tensile  load  clearly.  Tensile 
specimens  were  cut  out  in  course  and  wale 
direction  and  had  dimensions  of  30  mm  wide 
and  150  mm  long,  with  25  mm  end  aluminium 
tabs. 

Measurements 

The  surfaces  of  polyethylene  plane  fabrics  after 
sizing  treatment  were  observed  by  scanning 
electron  microscopy  (SEM). 

Tensile  tests  were  conducted  by  an 
Instron  universal  testing  machine  (Type  4206) 
at  room  temperature.  The  test  condition  was  1 
mm/min.  crosshead  speed.  To  observe  the 
fracture  process  during  tensile  loading,  the 
specimen  was  illuminated  with  high  intensity 
light.  Since  the  epoxy  resin  used  was 
transparent,  it  was  possible  to  see  the  fibre 
bundles  in  the  composite. 

Pipe  shape  retention  tests  were 
conducted  in  accordance  with  the  manual 
published  by  Japan  Gas  Association.  The 
rehabilitates  pipes,  which  has  a  branch  at  the 
center  of  the  pipe  was  made.  Water  pressure 
has  conducted  form  the  open  end  of  the  branch 
onto  the  pipe.  The  rehabilitation  hose  receives 
the  pressure  directly.  The  retention  strength 
was  determined  by  the  time  that  the  hose 
blockade  with  crush. 

Results  and  Discussion 

Figure  1  shows  the  specimen  before 
tensile  test.  It  seemed  that  transparency  was 
low  and  the  matrix  did  not  permeated  into  the 
fiber  bundles  without  pre- treatment.  For  the 
fiber  with  pre-treatment,  the  matrix  permeated 
quickly  in  the  fiber  bundles,  and  transparency 
was  high. 

In  the  load-displacement  curve,  load 
increased,  inclination  fell  at  0.3%  strain, 
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inclination  became  large  again  from  around 
3.5%  strain  gradually,  load  reached  maximum 
and  the  specimen  broke.  All  specimens  show 
the  same  tendency.  The  matrix  crack  had 
occurred  innumerably.  Many  pieces  of  the 
matrix  had  come  off  and  fallen  along  with  the 
crack  in  the  specimen  without  pre-treatment. 
However,  the  fallen  pieces  were  not  observed  in 
the  specimen  with  pre-treatment. 


pre-treatment  non-treatment 


Fig.l  Specimen  Observation 

Figure  2  shows  the  relation  between  the 
tensile  modulus  and  sizing  treatment 
concentration  in  both  pre-treatment  and 
non-treatment  specimen.  Tensile  modulus  of 
pre-treatment  composites  is  higher  than  those  of 
non  pre-treatment  composites.  Figure  3  shows 
the  tensile  strength.  Pre-treatment  and  sizing 
treatment  did  not  affect  the  tensile  strength.  It 
seems  that  the  tensile  strength  in  this  case  was 
dominated  by  the  fiber  strength.  Figure  4 
shows  the  knee  point  stress.  Knee  point  stress 
decreases  with  an  increase  in  the  sizing 
treatment  concentration.  The  binders  and  the 
sizing  treatment  agent,  which  coat  the  fiber, 
disturb  the  matrix  to  permeate  into  the  fiber. 
On  the  other  hand  the  matrix  permeates  easily 
into  the  fiber  with  pre-treatment  and  without 
sizing  treatment. 

Figure  5  shows  the  SEM  photograph  of 
specimen  after  tensile  test.  In  the  specimen 


Sizing  treatment  concentration  (wt%) 


Fig.2  Tensile  modulus  of  PE/Epoxy 


Sizing  treatment  concentration  (wt%) 

Fig.3  Tensile  strength  of  PE/Epoxy 


Sizing  treatment  concentration  (wt%) 
Fig.4  Knee  point  stress  of  PE/Epoxy 

without  pre-treatment  (a),  the  matrix  does  not 
exist  inside  fiber  bundle.  However  in  the 
specimen  with  pre-treatment  (b)  and/or  sizing 
treatment  (c),  the  matrix  existed  inside  fiber 
bundle.  Hence  the  difference  of  permeability 
among  these  specimens  became  clear.  In  the 
specimen  with  pre-treatment  and  with  sizing 
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treatment,  a  fiber  is  coated  with  the  sizing 
treatment.  The  matrix  cannot  permeate  into 
the  fiber  bundles. 

Figure  6  shows  the  pipe  shape  retention 
tests.  The  specimen  with  pre-treatment  has 
good  shape  retention  strength  compared  to  both 
the  specimen  without  pre-treatment  and  the 
specimen  with  sizing  treatment.  The 
specimen  with  pre-treatment  has  large  modulus 
and  high  permeability  of  the  matrix  into  the 
fiber  bundles.  These  tensile  performances 
make  the  shape  retention  strength  of  the 
rehabilitation  pipe  high. 
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(a)  Non-treatment 


(b)  Pre-treatment 


(c)  Pre-treatment  and  sizing  treatment 

Fig.5  SEM  observation  after  tensile 


Fig.6  Pipe  shape  retention  test 
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Abstract 

In  damage  growth  simulation 
methods  for  composite  laminates  based  on 
FEM,  damage  due  to  matrix  cracking  and 
fiber  breaking  is  generally  replaced  into 
stiffness  degradation  of  the  elements.  It  is 
known  that  the  element  size  affects  the 
damage  growth  and  load-displacement 
relationship.  The  decision  of  proper  element 
size  is,  however,  difficult  because  it  depends 
on  the  modeling  of  the  fracture  modes 
sentenced  above.  In  this  study,  damage 
growths  of  various  element  sizes  are 
simulated,  and  damage  growth  and 
load-displacement  relationship  are  compared 
to  experimental  results.  As  a  result,  a 
guideline  to  improve  results  is  obtained. 

Key  Words:  Damage  Growth  Simulation, 
Element  size,  FEM 

Introduction 

In  damage  growth  simulation 
methods  for  composite  laminates  based  on 
FEM,  damage  due  to  matrix  cracking  and 
fiber  breaking  is  generally  replaced  into 
stiffness  degradation  of  the  elements.  It  is 
known  that  the  element  size  affects  the 
damage  growth  and  load-displacement 
relationship  [1,2].  The  decision  of  proper 
element  size  is,  however,  difficult  because  it 


depends  on  the  modeling  of  the  fracture 
modes  sentenced  above.  In  this  study, 
damage  growths  of  various  element  sizes  are 
simulated,  and  damage  growth  and 
load-displacement  relationship  are  compared 
to  experimental  results.  As  a  result,  a 
guideline  to  improve  results  is  obtained. 

Simulation  Procedure 

The  simulation  procedure  is 
described  as  follows  [1,3]. 

(1)  The  D  matrix  is  calculated  based  on  the 
classical  lamination  theory. 

(2)  Strain  components  of  each  element  are 
determined  by  FEM  analysis  with 
2-dimensional  plane  stress  elements 

(3)  Stress  components  of  each  lamina  are 
calculated  by  using  the  classical  lamination 
theory. 

(4)  A  fractured  lamina  is  estimated  one  by 
one  according  to  Yamada's  method  [4]. 

(5)  Reduction  of  moduli  is  applied  to  the 
fractured  lamina. 

(6)  The  above  process  is  repeated  until  a 
given  displacement  is  achieved. 

In  the  simulation,  triangle  plane  stress 
elements  are  adopted.  Maximum  stress 
criterion  was  used  as  the  fracture  criterion. 
Reduction  of  moduli  of  the  lamina  is  as 
follows. 
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trix  cracking  :  E\  =  — Er,G*IT  =  —GIT 

.  !  .  i"  a) 

er  breaking  —  EL,  Er  =  —  ET , 

G',r  =  -r-G,  Ty,.r  =  7TT  vlt  > 


displacement  was  given  at  the  upper  edge  of 
the  mesh  division.  Material  properties  used  in 
the  analyses  are  listed  in  Tablel.  In  Tablel, 
subscripts  L  and  T  denote  longitudinal  and 
transverse,  respectively. 

Table  1  Material  Properties 


where  El,  Et,  GLt,  vlt  are  longitudinal 
modulus,  transverse  modulus,  shear  modulus 
and  major  Poisson’s  ratio,  respectively,  and 
superscript  *  means  degraded  modulus,  n 
depends  on  whether  unidirectional  or  not, 
and  is  set  to  1/2,  1/10  and  1/100. 

Specimen  and  Analytical  Model 

Using  GFRP  laminates  of  stacking 
sequence  [90s]t,  [0s]t,  [02/902]s, 

[02/45 2/902/-45 2] s  with  an  open  hole,  static 
tension  tests  were  conducted  under  a 
displacement  control.  Specimen 
configuration  is  shown  in  Fig.l.  An 
extensiometer  was  mounted  on  the 
specimens  to  measure  a  displacement  over 
50mm-gauge  length.  Damage  propagation 
process  is  monitored  by  VTR  because 
specimens  are  semitransparent. 


s 


2w 


Fig.l  Specimen  Configuration  and 
Analytical  Area 

Damage  growth  of  the  laminates  with 
an  open  hole  was  simulated  by  using  the 
proposed  method.  In  the  analyses,  a 


Longitudinal  modulus,  El 

38.6  GPa 

Transverse  modulus,  ET 

8.27  GPa 

Shear  modulus,  Gu 

4.14  GPa 

Major  Poisson’s  ratio,  vlt 

0.26 

Longitudinal  tensile  strength,  Fu 

1062  MPa 

Transverse  tensile  strength,  FTi 

31  MPa 

Shear  strength,  Fn 

72  MPa 

Longitudinal  compressive  strength, 
Fu 

610  MPa 

Transverse  compressive  strength,  Fjc 

118  MPa 

Analytical  Results 


Unidirectional  Laminates 
In  order  to  discuss  the  influence  of  element 
size  for  simple  cases,  damage  growth  of 
unidirectional  laminates  are  simulated  and 
compared  to  experimental  results.  For 
unidirectional  laminates,  reduction  of  shear 
stiffness  due  to  matrix  cracking  is  set  to 
1/100  because  the  element  with  matrix 
cracking  cannot  bear  any  shear  force. 

Fracture  of  [908]t  laminates  with  an 
open  hole  is  dominated  by  transverse  stress  at 
ligaments.  This  implies  that  accuracy  of 
stress  analysis  affects  predicted  strength  of 
laminates.  Fig.2  shows  the  stress 
concentration  factor  of  [90g]i  laminates  with 
an  open  hole.  As  you  know,  sufficient  fine 
mesh  division  is  required  to  calculate  the 
accurate  stress  concentrate  factor. 

For  [OsJt  laminates  with  an  open  hole, 
splitting  initiated  from  the  shear  stress 
concentrated  points  [5].  Excessive 
propagation  of  splitting  is  dominated  by  the 
stress  intensity  factor.  This  implies  that  finer 
mesh  division  might  give  rise  to  excessive 
crack  propagation  because  the  maximum 
stress  criterion  is  used  in  this  simulation. 
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Fig.3  shows  the  least  square  error  of 
load-displacement  relationship.  Fig.3  shows 
that  there  is  an  optimum  mesh  size  for 
splitting  propagation  simulation. 


3.5 


0  0.1  0.2  0.3  0.4  0.5 


Size  of  element/Radius 

Fig.2  Stress  Concentration  Factor  of 
[90s]t  Laminate 


Load-Displacement  Relationship  of 
JOgJx  laminate 

Multidirectional  Laminates 
Damage  growth  of  cross  ply  laminates  and 
quasi-isotropic  laminates  with  an  open  hole 
are  simulated  and  compare  to  experimental 
results  [5].  For  multidirectional  laminates, 
shear  deformation  of  a  lamina  with  matrix 
cracking  is  constrained  by  adjacent  laminae. 
Since  degree  of  the  constraint  is  unknown, 
parameter  survey  is  conducted  in  terms  of 
reduction  of  shear  stiffness.  Reduction  of 
shear  stiffness  are  set  to  1/2,  1/10  and  1/100 
in  the  parameter  survey. 

Fig.4  shows  propagation  of  splitting 
in  0°  lamina  in  terms  of  reduction  of  shear 


stiffness.  Fig.  5  shows  propagation  of 
splitting  in  terms  of  element  size. 


i 


0  0.1  0.2  0.3  0.4  0.5 


Displacemnet  (mm) 

Fig.4  Influence  of  Stiffness  Degradation 
Ratio 


0  0.1  0.2  0.3  0.4  0.5 

Displacement  (mm) 

Fig.5  Influence  of  Element  Size 

Fig.4  shows  that  reduction  of  shear 
stiffness  considerably  affects  propagation  of 
splitting.  The  reduction  ratio  1/2  is 
appropriate  in  view  of  Hashin’s  variational 
approach  [6j.  This  implies  that  consideration 
of  micro-mechanics  is  required  to  decide  the 
reduction  ratio. 

Damage  growth  of  crossply  laminate 
is  complicated  because  it  consists  of 
stress-dominant  fracture,  fracture 
machanics-domainant  fracture,  constraint  by 
adjacent  laminae  and  so  on.  Fig.5  shows  that 
simulation  results  converge  as  element  size 
decreases.  Though  sufficient  fine  mesh  is 
required  for  [90s]t  laminate,  moderate  fine 
mesh  is  required  for  [02/902]s  laminate  to 
simulate  damage  growth. 

Growth  of  matrix  cracking  in 
quasi-isotropic  laminates  in  terms  of  element 
size  is  shown  in  Fig.6.  The  tendency  is 
similar  to  that  of  crossply  laminate.  The 
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results  converge  as  element  size  decreases, 
and  unnecessary  fine  mesh  division  gives  rise 
to  increase  of  calculation  time. 

As  a  result,  it  is  shown  that  the 
simulation  results  converge  with  decrease  of 
element  size  for  multidirectional  laminates, 
and  mesh  division  of  1/5-1/10  of  diameter  is 
enough  to  simulate  damage  growth  from 
stress  concentration  region. 


5.  Y.Shimamura,  A.Todoroki,  H.Kobayashi 

and  H.Nakamura:  Trans.Japan 

Soc.Mech.Eng.,  62A(594),  1842(1996)  (in 
Japanese) 

6.  Z.Hashin,  Mech.Mater.4,121(1985) 
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Fig. 6  Influence  of  Element  Size  of 
Quasi-Isotropic  Laminate 

Conclusions 

Influence  of  element  size  on  damage 
growth  simulation  is  investigated.  As  a  result, 
it  is  shown  that  the  simulation  results 
converge  with  decrease  of  element  size  for 
multidirectional  laminates,  and  mesh 
division  of  1/5-1/10  of  diameter  is  enough  to 
simulate  damage  growth  from  stress 
concentration  region. 
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Abstract 

Microscopic  damage  behavior  of 
carbon/epoxy  angle-ply  [±#js  (#=15,  30,  45, 
60  and  75*)  laminates  under  tensile  loading 
were  investigated  experimentally  and 
analytically.  Initiation  and  growth  of 
microscopic  damages  were  observed  by 
optical  microscopy  and  soft  X-ray 
radiography.  Matrix  cracks  and 
delamination  initiated  at  the  free  edge  in 
[±15]s,  [±30]s  and  [±45]s  laminates.  It  was 
observed  that  delamination  grew  in  the 
width  direction  in  only  [±15js  and  [±30)s 
laminates.  On  the  other  hand,  no  damages 
were  observed  until  final  fracture  in  [±60]s 
and  [±75]s  laminates.  Analytical  approach 
based  on  damage  mechanics  analysis  was 
also  adapted  to  analyze  these  experimental 
results. 

Key  Words:  Angle-Ply  Laminate,  Matrix 
Crack,  Delamination,  Damage  Mechanics 

Introduction 

Carbon  fiber  reinforced  plastic 
(CFRP)  laminates  are  used  in  the  aerospace 
field  because  of  their  high  specific  modulus 
and  strength.  However,  it  is  well  known 
that  various  microscopic  damages  such  as 
matrix  crack  and  delamination  initiate  and 
grow  before  final  fracture  in  the  failure 
process  of  CFRP  laminates.  These 
structures  have  been  designed  based  on  the 
safe-life  concept  which  do  not  allow  any 
initial  damages.  However,  it  is  necessary 


that  design  criteria  is  shifted  to  risky  side  to 
reduce  the  weight  of  structures.  To 
establish  such  damage  tolerance  design,  it  is 
necessary  to  clarify  the  mechanism  of 
damages  nucleation  and  the  effects  of 
damages  on  mechanical  properties. 

There  are  many  studies  about  the 
damages  in  the  transverse  plies,  example  for 
the  shear  lag  theory  [1]  and  Hashin’s  model 
[2].  Actually  it  has  also  been  confirmed 
that  the  matrix  cracks  initiate  in  off-axis 
plies,  which  are  included  in  quasi-isotropic 
laminates,  but  there  are  little  research  about 
mechanism  of  behavior  of  these  damages. 
In  the  present  study,  the  damage  behavior  in 
off-axis  plies  of  angle-ply  laminates  were 
characterized  experimentally.  These 
experimental  results  were  analyzed  using 
damage  mechanics  analysis. 

Experimental  Procedure 

Material  systems  used  in  this  study 
were  two  kinds  of  carbon-epoxy  composites, 
T700S/2500  and  IM700X/Q153.  The 
mechanical  properties  of  unidirectional 
composites  for  these  materials  are  tabulated 
in  Table  1.  For  each  material  system,  [±#|s 
angle-ply  laminates  were  fabricated.  The 
range  of  6  was  from  15°  to  75°  to  evaluate 
the  effect  of  the  fiber  orientation  on 
microscopic  damage  progress.  Specimen 
length  was  150mm,  width  was  10mm  and 
thickness  was  0.55mm.  To  avoid  the  stress 
concentration  at  the  grip,  GFRP  tabs,  which 
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Experimental  Results 


have  25mm  length,  were  glued  on  both  ends 
of  specimens. 

Quasi-static  tensile  tests  were 
carried  out  at  room  temperature  under 
constant  cross-head  speed  of  0.5mm/min. 
In  order  to  observe  the  microscopic  damage 
progress,  the  specimen  was  removed  from 
testing  machine,  and  free  edge  observation 
by  optical  microscopy  and  internal 
observation  by  soft  X-ray  radiography  were 
conducted.  Observed  area  was  25mm 
length  at  the  center.  Matrix  crack  density 
was  defined  as  the  number  of  matrix  crack 
per  unit  observed  length. 


Table  I  Mechanical  properties  of 
unidirectional  composites. 


T700S/ 

IM700X 

2500 

/Q153 

Longitudinal  Young’s  Modulus, 
GPa 

121 

176 

Transverse  Young’s  Modulus, 
GPa 

10.4 

8.90 

In-Plane  Shear  Modulus, 

GPa 

4.80 

6.22 

In-Plane  Poisson’s  Ratio 

0.312 

0.310 

Table  2  Results  of  tensile  tests  of 
T700S/2500  angle-ply  laminates. 


Lamination  Angle 

15° 

30“ 

45“ 

60' 

75“ 

Young’s  Modulus, 
GPa 

101 

42.1 

16.1 

11.1 

10.6 

Ultimate  Strength, 
MPa 

814 

392 

161 

67.8 

61.0 

Failure  Strain, 

% 

0.96 

1.64 

7.78 

0.78 

0.63 

Table  3  Results  of  tensile  tests  of 
IM700X/Q153  angle-ply  laminates. 


Lamination  Angle 

15“ 

30* 

45' 

60“ 

75“ 

Young’s  Modulus, 
GPa 

121 

51.3 

19.5 

11.5 

9.89 

Ultimite  Strength, 
MPa 

622 

329 

143 

73.1 

62.5 

Failure  Strain, 

% 

0.55 

0.88 

3.93 

0.89 

0.70 

Tensile  test 

The  results  of  tensile  test  for  T700S/2500 
and  IM700X/Q153  are  summarized  in 
Tables  2  and  3,  respectively.  It  is 
recognized  in  the  tables  that  stiffness  and 
strength  decrease  with  the  increase  in 
lamination  angle  for  both  materials.  And 
for  [±15]s  ,  [±30]s  and  [±45]s  laminates,  the 
failure  strains  of  IM700X/Q153  are  about 
half  of  T700S/2500  and  the  strength  is  also 
lower.  On  the  other  hand,  the  failure  strain 
and  the  strength  of  IM700X/Q153  are  larger 
for  [±60]s  and  [±75]s  laminates. 

Results  of  Free  Edge  Observation 
Figure  1  shows  the  result  of  free  edge 
observation  for  T700S/2500  [±30]s 

laminates.  For  the  [±15]s  and  [±30]s 
laminates,  similar  damage  behaviors  were 
observed.  A  matrix  crack  in  outer  ply  and 
a  delamination  at  a  crack  tip  initiated  at  first 
on  both  materials.  Then  a  matrix  crack  in 
inner  ply  initiated  from  a  tip  of  the 
delamination.  Although  similar  damage 
behavior  was  observed  in  IM700X/Q153, 
the  number  of  matrix  crack  was  smaller  in 
IM700X/Q153  than  T700S/2500. 


-30 

>  '30  . 

■  "Pvi  A 

_/|^+30 

-■•"V  -  — \ 

Delamination  Matrix  Crack  ^ 

e=\3% 

Fig.l  Damage  in  T700S/2500  (±30]s 

laminate  observed  by  optical  microscopy 
(£: laminate  strain). 


Figure  2  shows  the  results  of  free 
edge  observation  for  [±45]s  laminates  of 
both  materials.  First,  a  matrix  crack  in 
outer  ply  and  a  little  delamination  at  a  crack 
tip  was  observed  on  both  materials.  Then  a 
crack  from  a  tip  of  the  delamination  is 
initiated  in  the  inner  ply.  As  load  increased, 
additional  cracks  are  initiated  along  the 
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Matrix  Crack  Density  [/cm] 


edges  of  specimen.  The  number  of  crack 
was  almost  the  same  between  outer  and 
inner  ply  for  the  T700S/2500,  while  the 
number  in  inner  ply  was  smaller  than  in 
outer  ply  for  the  IM700X/Q153. 

Figure  3  shows  matrix  crack 
density  as  a  function  of  the  laminate  strain 
for  [±45]s  laminate.  As  mentioned  above, 
matrix  crack  densities  in  each  ply  increase 
almost  equivalently  for  the  T700S/2500, 
while  the  density  in  inner  ply  is  lower  than 
outer  ply  for  the  IM700X/Q153,  which 
might  be  resulted  from  higher  matrix 
toughness  of  IM700X/Q153  than 
T700S/2500. 


(a)*=3.5%  (b)£=2.8% 

Fig.2  Damage  progress  in  (a)T700S/2500 
and  (b)IM700X/Q153  [±45]s  laminate 
observed  by  optical  microscopy 
(£?  laminate  strain). 


0  12  3  4 

Laminate  Strain  [%] 

Fig.3  Matrix  crack  density  as  a  function 
of  laminate  strain  in  T700S/2500  and 
IM700X/Q153  [±45]s  laminate. 


Results  of  Internal  Observation 
The  result  of  internal  observation  for 
T700S/2500  [±15]s  laminate  is  shown  in 
Fig.4.  For  the  [±15]s  and  [±30]s  laminates, 
similar  damage  behavior  is  also  observed  in 
internal  observation.  It  can  be  seen  in  the 
figure  that  triangular  delaminations 
surrounded  by  the  matrix  cracks  in  outer  and 
inner  ply  were  initiated.  As  load  increased, 
the  delamination  areas  grew  and  new 
delaminations  were  initiated.  Although 
similar  delamination  areas  were  observed 
for  IM700X/Q153,  the  number  of  the 
delamination  was  less  than  T700S/2500. 

On  the  other  hand,  the  results  of 
internal  observation  for  [±45]s  laminates  of 
both  materials  are  shown  in  Fig.5. 
Similarly  to  the  free  edge  observation,  the 
cracks  were  observed  along  the  free  edge. 
The  delamination  hardly  grew  along  die 
width  direction.  For  the  T700S/2500,  the 
matrix  cracks  on  each  ply  did  not  go  through 
the  width.  On  the  other  hand,  for  the 
IM700X/Q153,  the  matrix  cracks  in  the 
outer  ply  went  through  the  width,  and  little 
crack  in  the  inner  ply  grew  into  the  width 
direction. 

For  the  [±60]s  and  [±75]s  laminates, 
no  microscopic  damages  were  observed 
before  the  final  failure.  That  is,  fracture  of 
these  laminates  was  catastrophic. 


Fig.4  Damage  progress  in  T700S/2500 
[±I5]S  laminate  observed  by  soft  X-ray 
radiography  ( e:  laminate  strain). 
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Outer  Ply 


Inner  Ply  / 

Matrix  Crack 


t  5mm  ^ 


(a)T700S/2500  (£=3.5%) 


(b)IM700X/Q153  (£=2.8%) 

Fig.5  Damage  progress  in  (a)T700S/2500 
and  (b)IM700X/Q153  [±45]s  laminate 
observed  by  soft  X-ray  radiography 
(«  laminate  strain). 


Discussion 


Damage  Mechanics  Analysis 
Modulus  reduction  was  calculated  based  on 
damage  mechanics  analysis  proposed  by 
Gudmundson  and  Zang  [3].  The 
compliance  matrix  of  laminate  as  functions 
of  matrix  crack  densities  in  each  plies  is 
expressed  as 

S(/7*)  =  f(S0)-1-2vV*(A*)T^^*'A<]  (1) 

V  *=1  i= I  J 

where  v*,  0  and  01  denotes  the  volume 
fraction  of  ply  k,  the  matrix  crack  density  of 
ply  k  and  the  matrix  related  to  the  average 
crack  opening  displacements  in  ply  k, 
respectively.  A*  is  the  matrix  represented 
with  the  compliance  matrix  of  ply  k  and  the 
unit  normal  vector  on  the  crack  surfaces  in 
ply  k.  The  laminate  stiffness  E{0)  is 
calculated  from  S(0).  Figure  6  shows  the 
comparisons  of  the  experimental  result  with 
the  result  calculated  from  the  above  equation. 
The  experimental  date  just  after  damage 
initiation  is  lower  than  the  calculation  for 
each  material.  It  is  suggested  that  these 
results  reflect  the  effect  of  the  nonlinear 
shear  behavior  of  unidirectional  composites. 


- Damage  Mechanics  >  Experimental  Result 


(b)lM700X/Q153  [±45]s  laminate 

Fig.6  Modulus  reduction  in  (a)T700S/25 
00  and  (b)IM700X/Q153  [±45]s  laminate. 

Conclusion 

Microscopic  damage  behavior  of 
angle-ply  laminates  under  tensile  load  were 
studied.  Following  conclusions  were 
obtained. 

1.  Matrix  cracks  and  delamination  were 
observed  before  final  fracture  in  [±15]s 
and  [±30]s  laminates. 

2.  Although  matrix  cracks  were  observed, 
delamination  hardly  grew  in  the  width 
direction  in  [±45]s  laminates. 

3.  No  damages  were  observed  until  final 
fracture  in  [±60]s  and  [±75]s  laminates. 

4.  It  was  confirmed  that  there  was  the 
effect  of  nonlinear  shear  behavior  of 
unidirectional  composites  on  modulus 
reduction. 
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Abstract 

Composite  materials  have  heterogeneous 
and  anisotropic  features,  so  damage 
behavior  of  composite  laminate  is  complex. 
Damages  of  composite  materials  are 
classified  to  three  modes,  transverse  lamina 
cracking,  delamination,  and  fiber  breakage. 
Transverse  lamina  cracking  grows  stably  in 
early  damage  state.  The  prediction  method 
of  transverse  lamina  cracking  is  necessary 
for  structural  design  based  on  damage 
tolerance.  In  this  research,  we  tried  to 
establish  the  transverse  lamina  cracking 
prediction  method  and  did  experiments  to 
make  sure  of  the  prediction  method. 

Key  Words:  Transverse  Lamina  Cracking, 
Delamination,  Damage  Tolerance,  and 
Failure  Criteria 

1.  Introduction 

When  the  composite  laminate  is  subjected 
to  mechanical  load,  transverse  lamina  cracks 
occur  in  the  beginning.  Transverse  lamina 
cracks  propagate  and  delamination  occurs 
from  cracks  or  free  edge  with  load  increase. 
Finally,  whole  material  breaks  with  fiber 
breakage.  Behavior  of  transverse  lamina 
cracks  should  be  studied  for  estimating 
initial  state  of  damage  processes  of 
composite  laminates. 

When  no  damage  is  tolerated  in  structural 


design,  the  design  strength  is  limited  to 
onset  of  transverse  lamina  cracks.  But  when 
some  extent  damage  is  tolerated,  the  design 
strength  is  improved.  The  concept  of  the 
allowable  damage  growth  makes  design 
strength  improved. 

Transverse  lamina  cracks  are  supposed  to 
occur  when  both  failure  criteria  that  are 
stress  failure  criterion  and  energy  failure 
criterion.  When  ply  group’s  thickness  is  thin, 
the  failure  criterion  is  not  stress  failure 
criterion  but  energy  failure  criterion,  so 
material  fails  not  at  point  A’  but  at  point  A  in 
Fig.  1.2.  When  ply  group’s  thickness  is  thick, 
the  failure  criterion  is  not  energy  failure 
criterion  but  stress  failure  criterion,  so 
material  fails  not  at  point  C’  but  at  point  C. 
Combined  failure  criterion  transits  from 
energy  failure  criterion  to  stress  failure 
criterion  with  ply  group’s  thickness  increase 
at  point  B. 


Failure  Stress 


,  ,  .  Thickness  of  Plv  Group 

bi  bc  02 


Fig.  1. 1  Failure  Criteria  Transition 
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2.  Damage  Prediction  Theory 

2.1.  Modeling  of  Laminates 

The  multidirectional  symmetric  n  layer 
laminate  [0  „/•••/ 0i]s  is  divided  into  n-1 
units,  Un.i,"\U],  at  the  center  of  each  layer. 
The  laminate  is  expressed  as  a  combination 
of  the  units.  The  symmetric  laminate  unit 
can  be  deal  with  as  the  [  0  m/90n]s  laminate 
unit  by  coordinate  transformation.  We 
consider  stiffness  reduction  of  the  laminate 
unit  with  cracks  in  90°  ply. 

2.2.  Calculating  Method 


Fig.  2. 1  Calculat  ion  of  Stress  Distribution 

The  90 0  ply  is  divided  into  M  X  N 
elements  in  the  z-  and  y-  directions, 
respectively.  The  0  °  ply  is  divided  into  N 
elements  in  the  y  direction,  as  shown  in 
Fig.2.1.  Tensile  stresses  o  (m,n)  and  shear 
stresses  r  (m,n)  are  defined  at  boundaries 
of  the  divided  elements.  These  stresses  are 
calculated  from  equilibrium  conditions  of 
stresses,  compatibility  of  strains,  and 
boundary  conditions.  When  the  crack 
density  is  c(=l/2L:2L  is  the  distance  of 
cracks),  and  the  average  tensile  stress  a  o  is 
applied,  tensile  stresses  components  o  (m,n) 
and  shear  stresses  components  r  (m,n)  are 
obtained.  The  average  tensile  stress  of  the 
0°  ply  o  av0  is  obtained  from  the  tensile 
stresses  of  0  °  ply  a  (0,n).  The  average 
strain  of  the  unit  s  av  is  obtained  from  o  av 
9  because  the  tensile  stiffness  of  the  0  ° 


ply  does  not  change  by  cracks  of  the  90° 
ply.  The  stiffness  of  the  unit  is  obtained  by 
o  o/  f  av.  Although  the  above-mentioned 
method  is  the  case  of  tensile  stiffness,  shear 
stiffness  is  calculated  in  the  same  method  of 
tensile  stiffness  by  replacing  stresses  and 
stiffness. 

2.3.  Energy  Failure  Criterion 

First,  damage  is  predicted  based  on 
energy  balance.  In  the  standpoint  of  energy 
balance,  transverse  lamina  cracks  are 
supposed  to  initiate  or  propagate  when 
energy  that  is  released  by  crack  growth  is 
equal  to  the  change  of  potential  energy  of 
laminate. 

Matrix  cracking  failure  under  mixed 
mode  is  predicted  when  following  energy 
criterion  1)2)  is  satisfied 


where  Gf  and  Gn  are  the  energy  release 
rate  of  mode  1  and  II ,  respectively,  and 
G,c  and  Gnc  are  the  fracture  toughness  of 
mode  I  and  II  ,  respectively.  Cracks 
initiate  and  propagates  when  the  total  energy 
release  rate  G(=G  ,  +G  u  )  reaches  mixed 
mode  fracture  toughness  Gc  as  follows. 

G  =  Gc  (2.2) 


When  the  mixed  mode  ratio,  Mo,  is  defined 
as  G  j  /G  n  ,  the  mixed  mode  fracture 
toughness  is  obtained  from  Eqn.2.1  as 
follows; 


Gc  =  (l  +  M( 


f  M  c 
+  — * 1 
iGnc 


(2.3) 


When  increment  of  crack  density,  dc(1)  is 
given,  the  energy  release  rates  are  expressed 
as  follows; 

b]+b  b]+h2  2dSj 

2b,  >  dc"]  2b,  dcm 


__b1  +  b1  ,2 

'  2b,  >  dc"] 

G 

2b,  Yx>'  dc{]) 


(2.4) 
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Table.  3. 1  Lamina  Properties 


where  dSy  is  stiffness  reduction,  and  dc(1)  is 
increase  of  crack  density  in  90°  ply. 

Critical  strains  are  obtained  at  each  ply. 
Crack  is  predicted  to  initiate  or  propagate  in 
the  ply  that  gives  the  smallest  critical  strain. 
2.4.  Stress  Failure  Criterion 

Matrix  cracking  failure  under  combined 
loads  is  predicted  when  the  following  stress 
criterion3)  is  satisfied 


=  1(2.4) 


where  a  t  and  z  lt  are  the  average  ply 
transverse  and  shear  stresses,  respectively, 
and  a  tc  and  z  ltc  are  the  effective 
transverse  tensile  strength  and  shear  strength 
of  the  ply  under  consideration,  respectively. 
Factors,  f  0  and  f  r  ,  are  the  ratios  of 
maximum  stresses  and  average  stresses  in 
tensile  and  shear  components.  Crack  is 
predicted  to  initiate  or  propagate  in  the  ply 
that  gives  the  smallest  critical  stress. 

2.5.  Thermal  Residual  Stress 
Thermal  residual  stresses  o  R(k)  occur  in 
each  layer  because  of  the  difference  of 
thermal  expansion  coefficients  in  the 
longitudinal  and  transverse  direction, 
respectively,  as  follow; 

-T0)}=s<%1"  (2.5) 
Where  S(k)  is  stiffness  matrix  of  k  ply.  Rf  is 
a  strain  transformation  matrix,  a  o  is  a 
thermal  expansion  coefficient  vector.  The 
origin  of  the  stress-strain  curve  shifts 
because  of  thermal  residual  stress.  The 
critical  strain  and  stress  are  measured  from 
the  revised  origin. 


3.  Experiment 
3.1.  Specimens 

TR340H150;  the  carbon/epoxy  pre-prig 
sheet  of  Mitsubishi  Rayon  Co.,  Ltd.  is 
served  to  experiment.  Material  properties  are 
shown  in  Table.3.1.  The  nominal  ply 
thickness  is  0.15mm.  Temperature  change 
by  lamination  is  100K.  Cross-ply  and 
quasi-isotropic  were  prepared  with  stacking 
sequences,  as  shown  in  Table.3.2. 


El 

115GPa 

0T 

82MPa 

Et 

8GPa 

T  LT 

llOMPa 

Glt 

3.5GPa 

GIC 

197J/m2 

Gtz 

2.5GPa 

Grc 

982J/m2 

vlt 

0.34 

t*L 

-7.5*10'7/K 

o  L 

1924MPa 

a  x 

4.3*10-7K 

Table.  3.2  Stacking  Sequences 


Cross-Ply 

Quasi-Isotropic 

rOi^OjAU 

[45,/_45i/01/901]s 

roi/9ons 

r451/01/-451/90,ls 

ro2/9o2is 

ro4/9o4is 

3.2.  Method  of  Experiment 

Tension  tests  of  the  specimens  were 
performed  using  the  Shimadzu  Autograph 
test  machine  in  the  stroke  control  mode  at  a 
loading  rate  of  0.5mm/min.  When  initial  A.E. 
wave  was  detected,  crosshead  movement 
was  stopped  and  reversed  a  little,  and  cracks 
were  counted  by  the  way  of  edge 
observation.  This  was  repeated  while  strain 
was  increased  1000  or  2000 e  until  the 
specimen  breaks. 

4.  Comparison  of  Results 

Stress-strain  and  crack  densities  are 
shown  in  Fig.4.1~2,  and  relationships 
between  90°  ply  group’s  thickness  and 
failure  strain  are  shown  in  Fig.4.3,  about 
cross-ply.  Stress-strain  and  crack  densities  in 
quasi-isotropic  are  shown  in  Fig.4.4~5. 


1<X1)/90CI)/0(1)]T 


Fig.  4. 1  Stress-Strain  and  90°  Ply’s  Crack 
Density  of  [0i/90i/0i]t 
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Failure  Strari  ( it  £  ) 


Fig.  4.2  Stross-Strain  and  90°  Ply  Group’s 
Crack  Density  of  [O2/9O2I1; 


Fig.  4.3  Relationships  between  90°  Ply 
Group’s  Thickness  and  Failure  Strain  in 
Cross-Ply  Laminates 
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Fig.  4.5  Stress-Strain  and  90°  Ply  Group’s 
Crack  Density  of  |45i/0i/-45i/90ils 


In  cross-ply  laminates,  transition  of 
failure  criterion  with  ply  group’s  thickness 
was  confirmed  in  transverse  lamina  cracks 
in  90°  ply  group.  When  the  ply  group  is 
thin,  the  failure  criterion  is  energy  criterion. 
When  the  ply  group  is  thick,  the  failure 
criterion  is  stress  criterion 

In  quasi-isotropic  laminate,  stacking 
sequence  did  not  influence  propagating 
tendency  of  transverse  lamina  cracks  in 
90°  ply  group.  But  in  [45i/0]/-45|/90i]s, 
transverse  lamina  cracks  of  90°  ply  group 
gave  -45°  ply  groups  stress  concentration, 
and  it  became  easier  for  transverse  lamina 
crack  of  -45°  ply  groups  to  initiate  and 
propagate.  In  quasi-isotropic  laminates, 
delamination  prevented  transverse  lamina 
cracks  from  propagating  by  cutting  off  stress 
transmission  between  neighbor  layers. 

5.  CONCLUSION 

In  the  present  paper,  we  calculated  crack 
growth  and  stiffness  reduction  based  on 
energy  criterion  and  stress  criterion.  Crack 
propagating  process  was  well  predicted  by 
our  prediction  method 

REFERENCES 

1)  Keiichiro  Tohgo,  Kenji  Akizuki,  and 
Yuji  Sugiyama,  “Ply  Cracking  Damage 
Theory  and  Damage  Behavior  in  CFRP 
Cross-Ply  Laminates”,  Journal  of  Japan 
Machinery  Association,  Vol64-621, 
No. 97-0737,  pp.30-37,  May  1998 

2)  Keiichiro  Tohgo,  Yuji  Sugiyama,  and 
Kenji  Akizuki,  “Ply-Cracking  Damage 
Theory  and  Its  Application  to  Finite 
Element  Method”,  Journal  of  Japan 
Machinery  Association,  March  1999 

3)  Iqbal  Shahid,  Fu-Kuo  Chang, 
“Modeling  of  Accumulated  Damage  and 
Failure  of  Multidirectional  Composite 
Plates  Subjected  to  In-Plane  Loads”, 
Composite  Materials:  Fatigue  and 
Fracture,  Fifth  Volume,  ASTM  STP 
1230,  R.  H.  Martin,  Ed.,  American 
Society  for  Testing  and  Materials, 
Philadelphia,  1995,  pp  186-214 


820 


Proceedings  of  7 lh  Japan  International  SAMPE 
Symposium  §  Exhibition,  Nov.  13-16,  200 1 


Statistical  Strength  Prediction  of  CFRP 
Cross-ply  Laminates 


Junji  Noda#l.  Tomonaga  Okabe#2  ,Nobuo  Takeda#3  and  Masao  Shimizu#! 

#1:  Department  of  Integrated  Design  Engineering,  Keio  University, 

3-14-1  Hiyoshi,  Kohoku-ku,  Yokohama  223-8522,  Japan 
#2:  National  Institute  of  Advanced  Industrial  Science  and  Technology, 

1-1  Umezono  1,  Tsukuba  305-8568,  Japan 
#3:  Graduate  School  of  Frontier  Sciences,  c/o  Komaba  Open  Laboratory  (KOL), 
The  University  of  Tokyo,  4-6-1  Komaba,  Meguro-ku,  Tokyo,  153-8904,  Japan 
E-mail:  noda@compmat.rcast.u-tokyo.ac.jp 


Abstract 

The  failure  process  of  CFRP  cross- 
ply  laminates  (T800H/3631)  is  studied 
experimentally  and  analytically.  The 
variation  of  Ultimate  Tensile  Strength 
(UTS)  of  laminates  with  various  stacking 
sequences  is  measured  and  the  damage 
process  is  observed.  According  to  the 
simulated  results  of  fiber  bundle  strength,  it 
is  found  that  there  is  little  notch  sensibility 
in  spite  of  the  existence  of  transverse  cracks. 
To  investigate  the  damage  evolution  process 
quantitatively,  a  new  numerical  model  based 
on  3D-shear  lag  analysis  is  proposed  in  the 
present  paper.  The  elastoplastic  relation  of 
epoxy  matrix  is  considered  effectively, 
which  makes  it  possible  to  predict  the  UTS 
of  laminates  with  good  accuracy.  Based  on 
the  analysis  results  of  the  proposed  model,  it 
is  shown  that  the  viscoplastic  regions  at  the 
tip  of  transverse  cracks  reduce  the 
concentration  of  stress  and  that  the  bundle 
strength  is  not  affected  by  the  existence  of 
transverse  crack. 

Key  Words:  Transverse  crack,  Bundle 
strength,  Computational  simulation, 
Elastoplastic. 


Introduction 

For  the  case  of  cross-ply  laminates 
subjected  to  uniaxial  loading,  the  early  stage 
of  damage  is  dominated  by  transverse  crack 
generated  in  the  90°  plies.  These  transverse 
cracks  propagate  along  the  fiber  direction 
and  extend  across  the  width  of  the  laminate 
to  the  free  edges  of  test  specimens.  The 
influence  of  these  micro-damages  on  the 
UTS  of  cross-ply  laminates  was  empirically 
considered,  but  the  failure  mechanism  was 
not  yet  investigated  quantitatively. 
Therefore,  the  purpose  of  the  present  work  is 
the  experimental  and  analytical  investigation 
on  the  stress-strain  relation  and  the  UTS  of 
the  CFRP  cross-ply  laminates  with  various 
micro-damages. 

At  first  the  variation  of  UTS  of 
laminates  with  various  stacking  sequences 
was  measured  and  the  damage  process  was 
observed.  And  these  UTS  and  damage 
process  were  compared  with  those  of 
unidirectional  composites.  Then,  to 
investigate  the  damage  evolution  process 
quantitatively,  we  proposed  an  3D-shear  lag 
model  based  on  experimental  observation. 
Then,  the  failure  behavior  of  the  cross-ply 
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laminates  was  estimated  quantitatively  by 
the  proposed  numerical  model. 

Experimental  Approach 

Experimental  Procedure 
In  the  present  study,  a  high  strength  CFRP 
composite  (T800H/3631(Toray  Industries, 
Inc.))  was  used.  Two  types  of  stacking 
sequences  of  CFRP  composites  were 
prepared,  one  is  the  unidirectional  composite 
[0]2  and  the  other  is  the  cross-ply  laminates 
[0,/90n/0,]n.2>4i6  with  dimensions  of  5mm  x 
120mm  x  0.3-1. 2mm.  The  volume  fraction 
was  60%.  For  various  stacking  sequences,  to 
measure  the  stress-strain  relation  and 
ultimate  tensile  stress,  the  tensile  test  was 
carried  out.  For  the  accurate  measurement  of 
the  transverse  crack  density,  the  replica  of 
the  specimen  edge  was  taken. 

Experimental  Results 

Figure  1  shows  UTS  versus  laminate  ratio. 
The  laminate  ratio  rL  was  defined  by  the 
following  equation  (1): 

rL  =  ^9oAo>  CO 

where  t0,  tgo  :  the  thickness  of  0°  ply  and 
90°  ply,  respectively.  Therefore,  rL  =  0 
means  UD. 


Fig.l  Ultimate  Tensile  Stress  versus 
laminate  ratio. 

The  tensile  test  results  showed  that  the  UTS 
of  CFRP  laminates  decrerased  with 
increasing  laminates  ratio,  that  is  to  say,  the 
length  of  the  transverse  crack.  This  behavior 


can  be  considered  to  be  stemmed  from  the 
reduction  of  the  ratio  of  the  effective  cross¬ 
area  which  can  sustain  the  actual  load. 
Therefore  the  difference  of  the  bundle 
strength,  which  defined  as  the  value  of  stress 
to  be  shared  by  the  fiber  bundle  in  0°  plies, 
was  checked  for  the  each  laminates  ratio. 
The  bundle  strength  oh  was  calculated  by  the 
following  equation  (2): 


o. 


Vf 


UHL— 


where  oUTS 
fraction  in  0C 


(2) 

Vf  effective 


K  = 


:UTS,  Vf  effective  volume 
ply  and  V0  was  expressed  as: 

_ _ _ 

tn  +tm 


(3) 


with: 


£-!♦*  (4) 

vo 

Figure  2  shows  the  relations  between  the 
bundle  strength  and  the  laminate  ratio.  The 
bundle  strength  is  almost  constant  in  spite  of 
the  difference  in  the  laminate  ratio.  So,  it  is 
concluded  that  there  is  little  notch  sensibility 
in  spite  of  the  existence  of  transverse  cracks. 


Laminates  ratio 


Fig.2  Bundle  strength  versus  laminate 
ratio. 


Inner  Micro-damage  Analysis 
3D  shear-lag  model 

In  the  present  paper,  a  new  numerical  model 
based  on  the  3D-shear  lag  analysis  was 
proposed  to  investigate  the  inner  micro¬ 
damage  process.  For  this  purpose  cross-ply 
laminates  were  modeled  as  shown  in  Fig.  3. 
The  model  was  composed  of  N  x  M  fibers 
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and  transverse  elements,  which  length  was 
given  by  L.  Each  fiber  and  transverse 
element  was  partitioned  into  K  elements. 
The  present  study  assumed  that  the  fibers 
were  uniformly  spaced  by  a  distance  d  and 
were  aligned  in  a  square  arrangement. 

In  the  model  the  elastoplastic  relation  of  the 
epoxy  matrix  is  considered  effectively.  And 
the  interface  property  between  the  lamina, 
0°  ply  and  90°  ply,  was  evaluated  by  the 
Berthelot  method(1).  According  to  the 
parabolic  shear-lag  approach,  the  shear 
stress  rat  the  ply  interface  is  given  by 

t  =  ~(mo-«9o)  (5) 

*90 

where  u0  ,  u90  :  the  average  longitudinal 
displacement  in  0 0  ply  and  90  0  plies, 
respectively.  Furthermore  the  shear  modulus 
G  is 


G  = 


1  + 


(6) 


where  Gj,  Gxz90 :  the  transverse  shear  moduli 
of  the  0°  ply  and  90°  plies,  respectively. 
We  have  already  validated  that  the  stress 
distribution  obtained  from  the  present 
analysis  model  has  a  good  agreement  with 
that  of  a  finite  element  analysis. 


Matrix 

(Shear  spring) 
elastoplastic 


Interlaminar  - 
(Shear  spring) 


Fig.3  Schematics  of  3D  shear  lag  model. 


According  to  the  shear-lag  concept  wherein 
the  tensile  load  carried  by  the  matrix  is 
neglected,  the  equilibrium  equation  for  the 
stress  oIJk  on  a  single  fiber  element  is  given 
by 


1  <fe  2 


(7) 


where  A ,  is  the  area  of  fiber  cross  section,  r 
is  the  fiber  radius  and  tuJ  is  the  interfacial 
shear  stress  with  /  ranging  from  1  to  4  as 
expressed  as  equation  (5).  Consequently,  we 
use  a  finite  difference  method  to  solve 
equation  (7)  as 

4M  Km (“,■/.*«  1 

&  2  +  Yl,J,k+YIJ<k.1 


r-i 

&  2+Yl,1,k+rIJ.k.] 


+  -  O  +  =0(9) 

1-2 

te1  2  +  Yk  +  Yk. , 


(10) 

J.O 

fjJ  t  =  0 :  Elastic,  P'.k  =  1:  Plastic 
yi/  t  =  X  0 :  Fiber  Element  ( i,j,k )  is  broken  or  not  broken 
yk  =  %  0 :  Fiber  Element  (k)  is  broken  or  not  broken 

where  A2  is  the  area  of  transverse  element 
cross  section,  iyand  E,  are  Young’s  moduli 
of  fiber  and  90°  ply,  respectively.  And  the 
interfacial  plastic  parameter  PtJJ  is  0  or  1 
when  the  interface  is  elastic  or  plastic. 


Monte  Carlo  Simulation 
Considering  the  real  situation,  it  is  well 
known  that  the  characteristic  strength  of  a 
fiber  are  different  from  that  of  another  fiber. 
These  situation  can  be  well  described  by 
using  the  Weibull  of  Weibull  model 
proposed  by  Curtin(2).  The  Weibull  of 
Weibull  theory  gives  the  strength  of  each 
fiber  element  ,  and  can  be  represented 
by  equation  (11). 

(ID 

where  a0‘J  is  the  characteristic  strength  of 
the  one  fiber  of  length  L0 ,  p  ‘  is  the  length 
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scaling  Weibull  modulus  and  rj iJk  is  a 
random  number. 

Monte  Carlo  simulation  is  conducted  by 
controlling  the  applied  composite  strain.  In 
this  simulation,  the  final  failure  is 
considered  to  be  realized,  once  the  applied 
composite  stress  decreases  to  90%  of  the 
applied  maximum  composite  stress. 

Analysis  Results 

Figure  4  shows  the  comparison  between  the 
predicted  and  experimental  results  of  UTS 
against  laminates  ratio,  which  shows  this 
analysis  model  makes  it  possible  to  predict 
the  UTS  of  cross-ply  laminates  with  good 
accuracy.  In  order  to  study  damage 
evolution  process  in  the  composite  by 
simulation,  the  variation  of  the  stress 
concentration  at  the  tip  of  a  transverse  crack 
is  examined,  according  to  investigate  the 
stress  concentration  factor  (SCF)  on  the 
cross  section  with  a  transverse  crack. 


Fig.4  Comparison  between  experimental 
and  simulated  results. 

Figure  5  shows  the  spatial  distributions  of 
SCF  at  the  cross  section  with  a  transverse 
crack  of  0°  ply.  At  the  low  strain  level,  the 
stress  concentration  near  the  crack  tip  region 
induced  fiber.  However,  at  the  high  strain 
level,  the  stress  concentration  at  the 
transverse  crack  tip  diminishes  and  new 
fiber  breakage  occurs  at  the  region  far  from 
the  crack  tip.  The  critical  cluster  which 
contributes  to  the  final  failure  arises  from 
this  region  where  the  stress  concentration 


due  to  the  transverse  crack  tip  does  not 
exists.  These  results  can  be  explained  using 
the  plastic  behavior  of  epoxy  region.  By 
virtue  of  this  plasticity,  the  stress 
concentration  at  the  crack  tip  is  reduced. 
Therefore,  the  final  failure  of  cross-ply 
composite  is  not  affected  by  the  existence  of 
transverse  cracks.  This  is  the  most  important 
result  of  the  present  study. 


(b)  {=2.06%  (c)  failure 


Fig.5  Spatial  distributions  of  SCF. 

Conclusions 

A  new  numerical  model  based  on  the 
3D-shear  lag  analysis  was  proposed.  The 
elastoplastic  relation  of  the  epoxy  matrix 
was  considered  effectively,  which  made  it 
possible  to  predict  the  UTS  of  laminates 
with  good  accuracy.  Based  on  the  analysis 
results  of  the  proposed  model,  it  was  shown 
that  the  viscoplastic  regions  at  the  tip  of 
transverse  crack  reduce  the  concentration  of 
stress  and  that  the  bundle  strength  is  not 
affected  by  the  existence  of  transverse 
cracks. 
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Abstract 

To  satisfy  opposing  requirements  for 
minimum  stowed  volume,  high  stiffness,  and 
light  weight,  various  honeycomb  sandwich 
solar  panel  designs  were  considered  with  the 
object  of  reducing  the  thickness  by 
approximately  20%  while  maintaining  current 
levels  of  stiffness  and  weight.  Two  solutions 
were  found.  The  first  involves  use  of  a  higher 
modulus  material  for  the  panel  faces.  The 
second  involves  strategic  placement  of  doublers 
to  suppress  the  first  vibration  mode.  Doublers 
constructed  of  high  stiffness  material  were 
found  to  provide  the  most  benefit.  Since  the 
use  of  high  cost,  high  performance  material  is 
localized,  the  impact  on  panel  acquisition  cost 
is  expected  to  be  minimized. 

Key  Words:  Solar  Array,  Sandwich  Panel, 
Design 

Introduction 

The  electrical  power  requirements  of 
satellites  have  been  steadily  increasing  in  recent 


years,  leading  to  requirements  for  increased 
solar  array  area.  At  the  same  time,  the  satellite 
structures  are  also  growing,  and  the  volume 
available  within  the  rocket  fairing  for  stowing 
the  satellite  during  launch  is  limited,  so  simply 
increasing  the  number  or  size  of  the  solar  array 
panels  is  an  unattractive  solution.  In  the  current 
study,  designs  for  solar  array  panels  for  a  22 
kW  class  satellite  bus  (Fig.  1)  were  sought 
which  would  provide  increased  surface  area 
without  requiring  additional  stowed  volume. 

Requirements 

The  solar  array  for  a  recent  MELCO 
developed  satellite  provided  a  point  of 


Fig.  1  22  kW  Class  Satellite  Bus 
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departure  for  the  study.  That  solar  array 
comprised  three  26  mm  thick  sandwich  panels. 
The  facesheets  are  constructed  from  three  plies 
(0.102  mm  facesheet  thickness)  each  of  M60J 
(Toray)  carbon  fiber  prepreg  arranged  in  a  [0/ 
±60]  quasi-isotropic  layup.  It  was  determined 
that  8  panels  of  this  size  were  required  for  a  22 
kW  class  satellite.  It  was  concluded  from 
dimensional  analysis  that  the  stowed  volume 
requirements  could  be  met  by  reducing  the 
thickness  of  each  panel  to  20  mm. 

The  natural  frequency  of  the  26  mm 
thick  panel  array  was  35  Hz  in  the  stowed 
configuration.  In  order  to  prevent  amplification 
of  inertial  loads  due  to  vibrations  experienced 
during  launch,  the  natural  frequency  of  the  22 
kW  array  was  also  required  to  meet  or  exceed 
this  value.  Furthermore,  as  the  available  launch 


Fig.  1  Three  Panel  Solar  Array  FEM  Model 


Table  1  Baseline  Results 


Rn  0 

Run  1 

Description 

26mm 

Baseline 

20mm 

Baseline 

Core  thickness  (mm) 

25.4 

19.05 

Facesheet  Thickness (pliestmm]) 

3(0.102] 

3  [0.1 02] 

Facesheet  Layup 

[0/±60] 

[0/±  60] 

Facesheet  Material 

M60J 

M60J 

Doubler  Thickness  (plies[mm]) 

None 

None 

Doubler  Layup 

- 

- 

Natural  Frequency  (Hz) 

35.3 

29.2 

Panel  Mass  (ke) 

5.85 

5.00 

Delta  Mass  ■ 

- 

-14.6% 

capability  is  best  used  for  the  satellite  payload, 
it  was  required  that  the  mass  of  each  panel  be 
less  than  that  of  the  existing  panels. 

Approach 

The  finite  element  method  (FEM) 
model  of  the  stowed  3  panel  array  shown  in 
Figure  2  was  used  for  this  study.  The 
deployment  direction  indicated  by  the  arrow 
was  defined  as  the  longitudinal  direction,  and 
the  0-degree  direction  of  the  facesheet  laminate. 

As  shown  in  Table  1,  the  baseline  model 
(Run  0)  exhibited  a  natural  frequency  of  35.3 
Hz,  and  a  panel  mass  of  5.85  kg.  The  initial 
mode  shape  is  illustrated  in  Figure  3.  When  the 
sandwich  panel  thickness  was  reduced  to  20 
mm  and  a  new  baseline  taken  (Run  1),  the 
natural  frequency  dropped  to  29.2  Hz.  The 
mode  shape  was  essentially  the  same  as  that  of 
the  26  mm  panel  array  shown  in  Figure  3. 

From  these  baseline  results,  the 
material,  thickness,  and  layup  of  the  facesheets 
were  varied,  and  the  effect  on  the  natural 
frequency  and  mass  of  the  array  was  calculated. 
The  effect  of  doublers  was  also  evaluated,  as 


Fig.  2  Baseline  Model  Initial  Mode  Shape 
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well  as  the  effect  of  changes  to  the  material, 
thickness,  and  layup  of  these  doublers. 

Results 

Table  2  shows  the  analysis  results  for 
various  configurations  with  quasi-isotropic 
facesheet  laminates.  In  Run  2,  when  the 
thickness  of  the  baseline  M60J  facesheets  was 
doubled,  the  natural  frequency  only  increased 
to  32.2  Hz  despite  the  mass  surpassing  the  5.85 
kg  requirement  by  13%.  At  this  point,  the 
facesheet  material  was  changed  to  a  ultrahigh 
stiffness  K13C  (Mitsubishi  Chemical)  pitch- 
based  carbon  fiber  prepreg.  In  Run  3,  it  was 
found  that  at  the  original  facesheet  thickness, 
this  design  essentially  met  the  natural  frequency 
requirement  while  achieving  a  mass  reduction 
of  1 1%.  By  increasing  the  facesheet  thickness 
by  33%  (Run  4),  both  the  mass  and  natural 
frequency  requirements  were  completely 
satisfied.  The  initial  mode  shape  of  this 
configuration,  shown  in  Figure  4,  was  similar 
to  that  exhibited  by  the  baseline  configuration. 

These  results  established  the  feasibility 
of  designing  a  reduced  thickness  solar  array 
panel  to  meet  the  requirements  of  a  22  kW  class 


satellite  bus;  however,  as  the  ultrahigh  modulus 
K13C  fibers  are  more  expensive  than  the  lower 
performance  baseline  M60J  fibers,  it  is 
desirable  to  limit  their  use.  To  this  end,  locally 
stiffened  design  configurations  employing 
doublers  on  the  baseline  M60J  facesheets  were 
evaluated.  As  was  shown  in  Figure  2,  the 
doublers  were  applied  in  the  longitudinal 
direction  between  the  hold  down  mechanisms 
that  attach  the  array  to  the  satellite  body  so  as 
to  suppress  the  initial  vibration  mode  shape. 

The  results  of  this  evaluation  are  shown 
in  Table  3.  Evaluation  of  [0/±60]  quasi¬ 
isotropic  doubler  designs  in  Runs  5  and  6, 
indicated  that  the  panel  mass  would  exceed  the 
allowable  value  before  the  natural  frequency 


Fig.  3  Ultrahigh  Modulus  Model  First  Mode  Shape 


Table  2  Facesheet  Material  Change  Results 


Fin  0 

HK3EEK 

Run  4 

Description 

26mm 

Baseline 

20mm 

Baseline 

Double 

Thickness 

Facesheets 

Increased 

Stiffness 

Facesheet 

Increased 

Thickness 

Increased 

Stiffness 

Facesheet 

Core  thickness  (mm) 

25.4 

19.05 

^KEESHI 

■on 

3[0.1 02] 

HjEHM 

Facesheet  Lavup 

■nrea.iiiM 

— 

WjBjEM 

Facesheet  Material 

M60J 

M60J 

Doubler  Thickness(plies[mm]) 

None 

HB!EE9Hi 

- 

- 

Natural  Frequency  (Hz) 

35.3 

29.2 

32.2 

34.6 

■ESS 

Panel  Mass  (kg) 

5.85 

5.00 

5.19 

5.77 

Delta  Mass 

- 

-14.6S 

13.1% 

-11.3% 

-1.4% 
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Table  3  Doubler  Results 


an  0 

Run  1 

Run  5 

Run  6 

Run  7 

Run  8 

Run  9 

Run  10 

26mm 

Baseline 

20mm 

Baseline 

Quasi- 

Isotropic 

Doubler 

Increased 

Thickness 

Quasi- 

Isotropic 

Doubler 

Unidirectional 

Doubler 

Increased 

Thickness 

Unidirectional 

Doubler 

Increased 

Thickness 

Unidirectional 

Doubter 

Increased 

Stiffness 

Unidirectional 

Doubler 

25.4 

19.05 

19.05 

19.05 

19.05 

19  05 

19  05 

19.05 

aro.1021 

3ro.t02l 

3ro.102l 

_ 3lQ.102L_ 

3ro.1Q2l 

3ro.lQ2l 

3f0 1021 

3ro.1Q21 

■HESSfl 

nm 

■m 

■m 

■  'll 

■KRiflHI 

■m 

■FJCEiSM 

Krcngni 

M'lblM'lf 

mmsu 

■■El 

K]T] 

29.2 

31.1 

322 

31.7 

_ 2LS 

5.85 

5.00 

5.53 

5  98 

527 

■^] 

5.86 

[Delta  Mass 

- 

-146* 

-56% 

22% 

™  BjBa 

22% 

0.2% 

"  L1"'n 

would  increase  to  the  required  level.  Results 
for  unidirectional  doubler  designs  considered 
in  Runs  7  through  9  suggest  that  both  the  panel 
mass  and  natural  frequency  requirements  can 
be  essentially  satisfied  by  providing  8  or  9  0- 
degree  M60J  plies  in  the  doublers  (Run  9  and 
8,  respectively).  In  Run  10,  the  doubler  material 
was  changed  to  K13C  fiber  reinforced 
composite  in  a  [0]6  layup.  This  configuration 
was  found  to  exhibit  a  natural  frequency  of  35.8 
Hz,  with  a  panel  mass  of  5.63  kg  (4%  less  than 
the  baseline),  satisfying  both  requirements 
completely.  The  shape  of  the  first  vibration 
mode  was  very  similar  to  that  of  the  baseline 
design,  as  shown  in  Figure  5.  Since  the  amount 
of  high  cost  material  used  is  limited,  it  is 
thought  that  this  configuration  represents  a 
lower  cost  alternative  to  full  K13C  fiber 
reinforced  facesheets. 

Conclusions 

By  evaluating  the  performance  of 
reduced  thickness  solar  array  panels,  it  was 
confirmed  that  both  natural  vibration  frequency 
and  mass  property  requirements  could  be 
satisfied  through  the  use  of  ultrahigh  modulus 
fiber  reinforced  composite  materials  in  the 
panel  facesheets.  It  was  also  determined  that 


Fig.  4  Doubler  Mode!  First  Mode  Shape 


these  competing  requirements  could  be  met  at 
lower  cost  through  selective  application  of 
ultrahigh  modulus  material  in  facesheet 
doublers.  It  is  expected  that  reduced  thickness 
solar  array  panels  will  contribute  significantly 
to  the  development  of  future  high  power 
satellite  systems  at  Mitsubishi  Electric 
Corporation. 
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Introduction 

Recently,  requirements  for  high  precision 
optical  devices  in  order  to  resolve  celestial 
objects  such  as  the  sun,  the  moon,  and  deep 
space  more  clearly  are  increasing.  Especially  in 
space  applications,  where  the  difference  between 
minimum  and  maximum  temperatures  is  so  great, 
a  high  level  of  thermal  stability  is  needed  for  the 
materials  used  for  optical  equipment  structures. 
The  optical  space  telescope  structure  (Fig.  1), 
under  development  by  the  National  Astronomical 
Observatory  (NAO)  for  the  joint  NAO  and  US 
National  Aeronautics  and  Space  Administration 
(NASA)  SOLAR-B  mission  typifies  these 
requirements. 


For  many  years,  Invar  alloys,  which  exhibit 


Coefficient  of  Thermal  Expansion(CTE)  values 
as  low  as  0.5ppm/K,  have  been  used  for  optical 
equipment  structures.  But  increasingly  strict 
demands  for  low  CTE  and  requirements  for  low 
density  materials  necessitated  by  increased  size 
of  the  optical  equipment  have  lead  to  a  shift  from 
Invar  alloys  to  Carbon  Fiber  Reinforced  Plastics 
(CFRP)  which  can  have  CTE  values  much  lower 
than  metals. 

If  the  CFRP  orientation  is  designed  properly, 
it’s  possible  to  make  the  CTE  of  a  CFRP  laminate 
lower  than  O.lppm/K.  Furthermore,  as  the 
density  of  CFRP  is  typically  around  1.6g/cm? , 
less  than  one  fifth  that  of  Invar  alloys  (8.5g/crrf), 
CFRP  strength-to-weight  and  stiffhess-to-weight 
properties  are  much  higher  than  metals.  These 
properties  make  CFRP  an  ideal  material  for 
optical  equipment  used  in  space. 

In  this  research,  the  strength  of  a  CFRP  optical 
structure  for  a  space  telescope  comprising  a  truss 
constructed  from  CFRP  pipes  with  CTE  less 
than  0 . 1  ppm/K  and  a  CFRP  main  mirror  support 
plate  was  analyzed  under  random  vibration  loads 
experienced  during  launch  to  verify  the  feasibility 
of  such  low  expansion  CFRP  structures  for 
space  telescope  applications. 
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Design 

Two  types  of  carbon  fibers  were  used  for  the 
CFRP  pipes:  a  high  modulus  K13C  fiber  from 
Mitsubishi  Chemical,  and  a  high  strength, 
intermediate  modulus  T800  fiber  from  Toray.  An 
EX1515  cyanate  ester  resin  from  Bryte 
Technologies  was  used  for  the  matrix  of  the 
CFRP  pipes.The  inner  diameter  of  the  CFRP 
pipes  was  30mm;  the  length  was  500mm,  and 
the  layup  was  [0/0/70/-70/0/90]s,  where  the 
outer  two  0  degree  plies  were  K13C,  and  the 
remaining  plies  were  T800. 

The  main  mirror  support  plate  was  constructed 
from  a  CFRP  honeycomb  sandwich  panel.  Plain 
weave  fabric  incorporating  high  strength,  high 
modulus  M60J  fibers  from  Toray  were  used  for 
the  skin  and  the  low  density  core.  High  strength 
Toray  T300  fibers  were  used  for  the  high  strength 
core.  The  material  properties  of  these  honeycomb 
cores  are  shown  in  Table.  1 .  EX  1 5 1 5  resin  was 
used  for  the  matrix  material  of  the  skin.  A  [0/60/ 
-60]s  quasi-isotropic  layup  was  used  in  the  skin 
to  provide  equivalent  properties  in  all  directions. 
The  core  thickness  was  25  mm. 


Tablet:  Properties  of  honeycomb  core 


Low  density  core 

High  strength  core 

E,(Mpa) 

490.0 

861.8 

Ew(Mpa) 

255.0 

441.3 

PL(Mpa) 

1.00 

2.79 

Pw(Mpa) 

0.48 

3.14 

?(g/cm3) 

0.049 

0.158 

FEM  analysis  of  CFRP  structure 

Strength  analysts  of  CFRP  truss  pipes 
In  order  to  verify  that  the  strength  of  CFRP  is 


higher  than  the  loads  experienced  when  the 
telescope  is  launched,  a  coarse  finite  element 
method  (FEM)  analysis  model  of  the  full  space 
telescope  structure  was  constructed  using  bar  and 
shell  elements  and  analyzed  under  random 
vibration  loads.  The  axial  loads  on  the  truss  pipes 
were  extracted  from  this  model.  The  maximum 
axial  load  was  1  t,  much  lower  than  the  1 .9  t 
measured  axial  strength  of  the  CFRP 
pipe(Fig.2,Fig.3).  It  was  concluded  that  it  is 
possible  to  use  extremely  low  expansion  CFRP 
truss  pipes  for  the  structure  of  space  telescope. 


Fig.3:Pipe  mesurements  set  up 

Strength  analysis  of  main  mirror  support 
plate 

In  order  to  evaluate  the  strength  of  main  mirror 
support  plate,  a  detailed  FEM  model  of  the  lower 
part  of  the  space  telescope  was  constructed,  and 
analyzed  under  linear  static  loads  equivalent  to 
random  vibration  loads  experienced  during 
launch.  By  restricting  the  FEM  model  to  the  lower 
part  of  the  space  telescope,  it  was  possible  to 
modelthe  skin  and  honeycomb  core  of  the  main 
mirror  support  plate,  as  well  as  the  joints  between 
the  truss  and  the  plate,  in  accurate  detail. 

The  number  of  elements  in  the  detailed  FEM 
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analysis  model,  shown  in  Figure  4,  was  nearly 
37000.The  CFRP  truss  pipes  were  modeled  with 
bar  elements,  the  main  mirror  support  plate  with 
laminated  plate  and  solid  elements  (the  skin  was 
modeled  with  laminate  elements,  the  honeycomb 
core  with  solid  elements),  the  center  ring  plate 
with  plate  elements,  and  the  joint  parts  between 
the  truss  pipes  and  the  main  mirror  support  plate 
with  solid  elements. 


The  15.0  kg  main  mirror  was  modeled  as  a 
point  mass  at  the  center  of  main  mirror  support 
panel.  It  was  expected  that  large  stress 
concentrations  would  be  observed  near  the 
connection  points  between  the  main  mirror 
supports  and  main  mirror  support  plate,  and 
between  the  truss  pipes  and  the  main  mirror 
support  plate. 

The  points  where  the  center  ring  plate  is 
connected  to  the  outer  structure  of  the  space 
telescope  were  fixed-  Based  on  the  results  of  the 
full  telescope  random  vibration  analysis  presented 
above,  the  mass  of  each  part  in  the  analysis  model 
was  multiplied  by  the  G  level  predicted  for  that 
part,  and  a  uniform  1G  load  was  applied  to  the 
entire  analysis  model. 

Figure  5  shows  the  results  of  the  initial  FEM 
analysis.  In  this  model  only  low  density 
honeycomb  core  was  used.  As  shown,  high  shear 
stress  concentrations  were  observed  around  the 


joints  between  the  truss  pipes  and  the  main  mirror 
support  plate.lt  was  determined  that  the  core 
would  fail  in  shear  during  launch  in  the  circled 
regions.  To  correct  this  deficiency,  the  low  density 
core  was  replaced  locally  with  high  strength  core, 
and  the  core  segments  were  oriented  to  align  the 
core  direction  of  high  strength  (L-direction)  with 
the  direction  in  which  the  highest  stresses  were 
seen  in  the  analysis  results.(Fig.6,Fig.7).The 
results  of  analysis  with  this  model  are  shown  in 
Figure  8.  With  the  increased  core  strength,  the 
failure  points  due  to  shear  stress  seen  in  Figure  5 
are  gone,  and  the  strength  of  the  main  mirror 
support  plate  for  the  space  telescope  was 
verified. 


Fig.5:Analysis  result  of  honeycomb  core(shear 
stress)Without  using  high-strength  cores 


Fig.6:Cordinate  system  of  honeycomb 
core 
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Fig.7:Direction  of  cores  in  panel 


Fig.8:Analysis  result  of  honeycomb  core(shear 
stress)Using  high  strength  cores 

Summary 

The  structural  integrity  of  low  CTE  CFRP  truss 
pipes  and  a  CFRP  main  mirror  support  plate  was 
verified  by  comparing  the  results  of  analytic 
modeling  with  experimental  strength  data.  Pipes 
designed  for  CTE  less  than  0.1  ppm/K  were 
found  to  exceed  strength  requirements.  By  using 
high  strength  core  locally  for  the  points  where 
high  stress  was  seen,  and  aligning  the  core 
direction  of  high  strength  (L-direction)  with  the 
direction  of  high  stress,  a  high  strength, 
lightweight,  and  extremely  low  thermal 
deformation  honeycomb  sandwich  panel  design 
for  the  main  mirror  support  plate  that  will  survive 
launch  loads  was  successfully  achieved. 

As  a  result,  the  feasibility  of  using  of  these 
elements  for  the  optical  equipment  of  a  space 


telescope  was  verified.  Application  to  the 
upcoming  SOLAR-B  mission  is  expected  to 
significantly  reduce  thermal  deformation  and 
telescope  weight. 
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Abstract 

Recent  researches  verified  that 
out-plane  shear  deformation  was  very 
important  for  the  buckling  analysis  of 
composite  structures.  The  key  points  for 
buckling  analysis  are  to  take  account  of 
shear  deformation  and  to  find  a  suitable 
displacement  function  to  represent  arbitrary 
edge  conditions.  In  this  paper,  a  higher-order 
shear  deformation  plate  theory  and  the  Ritz 
displacement  function  that  takes  the 
products  of  a  two-dimensional  polynomial 
function  and  a  boundary  function  were  used 
for  buckling  analysis. 

Using  higher-order  shear  deformation  theory, 
the  results  were  more  accurate  compared 
with  thin  theory  or  one-order  shear 
deformation  theory.  Using  the  displacement 
function  of  the  two-dimensional  polynomial, 
arbitrary  edge  conditions  of  composite 
plates  could  be  calculated,  and  a  unified 
buckling  analysis  is  established.  Then  the 
optimal  lamination  angle  at  which  the 
non-dimensional  buckling  load  is  largest 
was  obtained  in  any  edge  condition,  and  the 
buckling  mode  was  represented,  which  is 
very  useful  for  prediction  of  the  buckling 
characteristics. 

Keywords:  Buckling,  Shear  deformation, 
Composite  plates 

Introduction 


Fiber  reinforced  composite  materials 
have  been  extensively  used  in  modem 
engineering  applications,  due  to  their  high 
specific  strength  and  modulus.  In  such 
applications,  buckling  behavior  may  often 
be  observed.  In  buckling  analysis,  classical 
thin  plate  theory  is  frequently  used  due  to  its 
analytical  simplicity  without  considering  the 
out-of-plane  shear  deformation.  However, 
this  simplification  has  resulted  in  a 
significant  difference  in  some  structural 
composite  materials  due  to  low  out-of-plane 
shear  modulus  and/or  significant  thickness 
of  the  plate.  In  order  to  evaluate  this 
difference,  several  shear-deformation 
theories  have  been  proposed  for  buckling 
analysis  by  Reddy  [3]  and  others.  In  this 
paper,  the  displacement  function  of  a 
two-dimensional  polynomial  and  a 
higher-order  shear  deformation  plate  theory 
were  utilized.  The  laminated  composite 
plates  under  combined  shear  and  biaxial 
compression  loading  were  investigated,  and 
the  critical  buckling  loads  and  buckling 
modes  were  obtained  with  various  boundary 
conditions. 

Analysis 

The  Rayleigh-Ritz  method  is 
usually  used  in  buckling  analysis.  However 
the  buckling  load  was  obtained  only  under 
limited  boundary  conditions.  The  key  point 
for  buckling  analysis  is  to  find  a  suitable 
displacement  function  to  represent  specified 
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edge  conditions.  In  previous  work  by  one  of 
the  present  authors  [1-2],  the  pb-2  Ritz 
displacement  function  [4],  which  consists  of 
the  product  of  a  basic  and  a  two  dimensional 
polynomial  function,  was  used  to  analyze 
laminated  composite  plates  with  free,  simply 
supported,  and/or  clamped  edges.  Here  the 
higher-order  shear  deformation  is  taken  into 
account. 

Energy  Expressions 

The  higher-order  shear  deformation  theory 


developed  [3]  yields 

the  following 

displacement  field: 

4 

m,  (x,y,  z)  =  utt(x,y)  +  r0,  (*,>>)  -^7  z 

4  .1 

dw’l 

(1) 

v,  (jf,  y,  z )  =  v„(jr,  y)  +  z6'(x,y)-  —  z 

•w* \ 

wl(x,y,z)  =  w„(x,y) 


where  wo  (x,  y)  is  the  displacement  along  the 
z-axis  in  the  middle  plane.  6  x  (x,  y)  and  8 
y  (x,  y)  are  the  bending  slopes  along  the 
x-axis  andy-axis,  respectively. 

The  total  potential  energy  for  a  composite 
plate  is  given  by 

n  =  ^  l  A £[  E(2]a£,  1  tt  b£NdV  (2) 

where  e  l  ,  £  n  are  strains  of  the  linear  and 
non-linear  items,  respectively,  x  7  is  the 
stress  tensor.  For  combined  shear  and 
compression,  it  results  in  the  following 
form. 

-N/t  -NJt  0  0}  (3) 

NXt  Nv  are  the  applied  compression  stresses 
in  the  x  and  y  direction,  respectively,  and  Nxy 
is  the  shear  stress. 

Polynomial  Displacement  Functions 
The  following  polynomials  are  used  in  the 
present  analysis  [4]. 

w  ,  (£  ,/7  )  =  £  C  ,0  ,  (£  ,77  ) 

9  .  (4  )  =  i  d  y  .  (4  'V  )  (4) 

0  ,  {4  ,  T}  )  =  £  e  , yr  „  (4  ,9  ) 


where, 

<t>,(4,n)  =  f,(4,?1)<t>,(4,r}) 
v  A4,n)  =  g  A4  >n)w  A4  <n) 
w  At*7?)  =  g  A4,n)¥ 

Here,  the  normalized  coordinates  £=x/a,  J] 
=y/b  are  used.  c„  d„  e,are  coefficients;  f,gx„ 
gyi  are  two-dimensional  polynomials;  and  <z5  /, 
(px i  (J)yi  are  boundary  functions. 

Substituting  the  above  displacement 
function  into  equation  (2),  and  minimizing 
the  total  energy  by  differentiation,  the 
buckling  load  and  mode  can  be  obtained. 

Numerical  results 

The  mechanical  properties  of  a 
laminate  used  in  the  analysis  are  as  follows. 
b  =  500  mm,  a/b  =  1 ,  b/t  =  1 0 
E2=  lO.OGPa,  Gi2=0.5E2,  v,2=0.25 

E,/E2  =  25,  G,  3=  0.5  E2,  G23  =  0.3  E2 
where,  a,  b  are  plate  size  in  x  and  y  direction, 
respectively,  t  is  the  plate  thickness.  v2j  is 
determined  by  the  reciprocal  theorem,  whilst 
the  non-dimensional  buckling  load  is 
defined  as: 

K  =  Nb2/  tu2D  (7) 

where  D  =  E2t3l  [12(1-  v]22)]. 

To  compare  first-order  shear  deformation 
theory  (FSDT)  and  higher-order  shear 
deformation  theory  (HSDT),  the  results  of 
buckling  loads  for  laminated  composite 
plates  by  using  these  two  theories  are  shown 
in  Table  1.  It  can  be  seen  that  the  difference 
is  noted.  When  the  ratio  of  the  width  to 
thickness,  b/t,  is  small,  i.e.,  the  plate  is  thick, 
the  difference  by  these  two  theories  becomes 
large.  This  indicates  that  the  buckling  load 
will  be  larger,  that  is  the  structures  will  be 
more  dangerous  by  the  FSDT  than  by  the 
HSDT. 

Symmetrically  laminated  square  plates 
Symmetrically  laminated  cross-ply  or 
angle-ply  square  plates  were  used  in  this 
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analysis.  The  cases  of  biaxial  compression 
loading,  combined  with  positive  shear 
(  /  Nt- 1  )  were  investigated.  Figure  1 

shows  the  effect  of  b/t  on  buckling  load  for 
symmetrically  laminated  cross-ply  plates.  It 
is  shown  that  for  the  ratio  b/t> 40,  the  effect 
of  b/t  becomes  small,  and  after  this  it  seems 
to  be  constant.  The  buckling  load  for  b/t> 40 
in  the  clamped  4  edges  is  almost  three  times 
larger  than  that  in  the  simply  supported  4 
edges  boundary  condition.  Figure  2  shows 
the  effect  of  lamination  angle  on  buckling 
load  for  symmetrically  laminated  angle-ply 
plates  in  three  different  boundary  conditions. 
It  is  found  that  the  buckling  load  is 
symmetrical  and  has  a  maximum  value  at 
the  lamination  angle  of  45°  for  the  clamped 
4  edges  and  simply  supported  4  edges 
conditions.  However,  it  was  unsymmetrical 
with  the  maximum  value  at  angle  of  about 
40°  in  the  clamped  2  edges  and  simply 
supported  2  edges  condition.  The  cases  of 
biaxial  compression  loading,  combined  with 
negative  shear  load  ( Nxr  /  Nx  =-l)  were  also 
investigated.  For  symmetrically  laminated 
cross-ply  plates,  the  effect  of  aspect  ratio  a/b 
on  the  non-dimensional  buckling  load  for 
three  types  of  supported  conditions, 
combined  with  positive  or  negative  shear 
load  is  shown  in  Fig.3.  It  can  be  seen  that 
when  a/b  is  less  than  1 ,  the  non-dimensional 
buckling  load  decreased  rapidly,  and  it 
becomes  to  be  constant  from  a/b=2  and,  the 


Fig.l  Effect  of  b/t  on  the 
Non-dimensional  buckling  load  for  (0/90 
deg)s  laminated  composite  plates. 


Fig.2  Effect  of  different  supported 
conditions  on  the  buckling  load  for  ( 6 
/-  6  )s  laminated  composite  plates. 


Fig.3  Effect  of  aspect  ratio  a/b  on  the 
buckling  load  combined  with  positive  or 
negative  shear  load  for  symmetric 
cross-ply  laminates. 


Fig.4  Effect  of  different  supported 
conditions  on  the  buckling  load 
combined  with  negative  shear  load  for 
symmetric  angle-ply  laminates. 
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two  different  cases  almost  get  the  same 
values,  that  is  the  direction  of  shear  loading 
has  no  effect  on  the  buckling  load.  But  for 
symmetrically  laminated  angle-ply  plates,  in 
comparison  with  Fig.2,  the  non-dimensional 
buckling  loads  combined  with  a  negative 
shear  load  presented  in  Fig.4  are  much  lower 
than  those  with  a  positive  shear  load.  This 
means  that  for  symmetrically  angle-ply 
laminates,  the  direction  of  shear  loading  has 
significant  effect  on  the  non-dimensional 
buckling  load. 

buckling  mode 

The  buckling  modes  for  the  laminated 
composite  plates  under  simply  supported 
condition  have  been  obtained  Figs  5  and  6 
show  the  buckling  modes  of  symmetrically 
cross-ply  plates  subject  to  biaxial 
compression  loading  combined  with  a 


Fig.5  Representation  of  the  buckling 
mode  for  a  (0°/90°)s  laminated  composite 
plates  under  biaxial  compression  loading 
combined  with  positive  shear  load. 


positive  or  negative  shear  load.  These 
figures  illustrate  how  the  buckling  behavior 
is  affected  by  shear  loading  direction.  Using 
these  figures,  the  buckling  behavior  may  be 
predicted  much  clearer. 

References 

[1]  Q-Q.  Ni,  S.  Kataoka,  Transactions  of  the 
JSME  (A),  Vol.64,  522-528  (1998). 

[2]  Q-Q.  Ni,  J.  of  Soc.  Mat.  Sci.,  Japan, 
Vol.46,  1362-1368  (1998). 

[3]  J.  N.  Reddy,  J.  Appl.  Mech.,  Vol.51,  745 
(1984) 

[4]  K.  M.  Liew,  C.  M.  Wang,  Eng.  Struct., 
Vol.  15,55-60(1993). 

[5]  Timoshenko,  S.  P.  &  Gere,  J.  M.,  Theory 
of  Elastic  Stability  (2nd  edn).McGraw-Hill, 
New  York,  1961. 


Fig.6  Representation  of  the  buckling 
mode  for  a  (0°/90°)s  laminated  composite 
plates  under  biaxial  compression  loading 
combined  with  negative  shear  load. 


Table  1  Effect  of  HSDT  and  FSDT  on  Non-dimensional  buckling  load,  K. 


4S 

4C 

2S  and  2C 

b/t 

K 

K 

K 

K 

K 

K 

(HSDT) 

(FSDT) 

(HSDT) 

(FSDT) 

(HSDT) 

(FSDT) 

5 

3.2183 

4.0625 

3.2525 

4.1676 

3.2183 

4.1082 

10 

7.7934 

8.7620 

8.5633 

10.4983 

8.1798 

9.7381 

20 

11.7989 

12.2058 

15.8418 

17.8045 

14.1898 

15.5327 

50 

13.6895 

13.7752 

22.2289 

22.9399 

18.6988 

19.1957 

100 

14.0279 

14.0095 

23.8625 

24.0963 

19.8160 

19.9817 
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Abstract 

A  numerical  analysis  is  performed  to 
study  an  impact  damage  in  composite  laminates. 
A  special  interface  element  is  proposed  to 
simulate  the  delamination  propagation  in 
laminates.  The  energy  stored  in  the  element  per 
unit  area  is  equal  to  the  interlaminar  fracture 
toughness.  This  element  is  incorporated  in  a 
commercially  available  finite  element  code  and 
applied  to  the  DCB  problem.  The  convergence 
of  the  solution  is  quite  smooth,  good  agreement 
with  the  theoretical  results  is  obtained.  The 
present  method  is  applied  to  the  damage 
accumulation  problem  of  CFRP  laminates. 

Key  Words:  Composite  laminate,  Interface, 
Delaminations,  Finite  element  analysis 

Introduction 

Composite  laminates  are  used  in  many 
engineering  applications  such  as  aerospace 
structures  because  of  the  need  for  reducing 
weight.  But  structures  made  of  composite 
laminates  are  susceptible  to  impact  damage 
[1-4].  The  impact  damages,  being  difficult  to 
detect  from  outside  of  structures,  may  cause 
severe  reduction  of  compressive  strength 
(Compression  after  impact:  CAT)[4].  Design 
loads  of  the  structures  are  often  limited  by  the 


degraded  compressive  performance  due  to 
possibilities  of  the  existence  of  these  damages. 
Therefore,  the  mechanism  of  damage 
accumulation  due  to  impact  must  be  well 
understood  in  order  to  utilize  composite 
laminated  structures  to  their  full  advantage. 

Many  researchers  have  studied  the 
failure  process  of  composite  laminates  based  on 
the  damage  mechanics  [e.g.5,6].  To  know  the 
delamination  propagation  problem,  however, 
the  damage-mechanics-based  analyses  may  not 
be  sufficient  and  fracture  mechanical  theory 
must  be  incorporated.  Suemasu  et.  al  have 
explained  a  damage  propagation  problem  in 
axi-symmetric  plate  subjected  to  quasi-static 
loading  analytically[7,8]  and  numerically[9]. 
Aoki  has  numerically  studied  the  stability  of  the 
damage  by  three-dimensional  finite  element 
analysis  [10]. 

In  the  present  paper,  a  mechanism  of 
damage  accumulation  in  composite  laminates  is 
numerically  studied  by  using  three-dimensional 
finite  element  method.  A  special  interface 
element  is  proposed  to  simulate  the 
delamination  propagation  hereafter. 

Finite  element  analysis 

Modeling  of  quasi-isotropic  laminates 
A  square  composite  laminate  (150  mm  x  150 
mm  x  4  mm)  of  stacking  sequence 
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[-45/90/45/0]4  shown  in  Fig.l  is  numerically 
solved.  Elastic  properties  of  each  ply  are 
summarized  in  Fig.l.  Multiple  circular 
delaminations  (diameters  d  -  20  mm)  are 
placed  at  its  center  is  calculated.  A 
commercially  available  finite  element  code  of 


/  fixed 

Elastic  properties 

El=  142  GPa 

f 

f  i  xcd  ^ 

t7 

y 

Glt=  5.49  GPa 
Gn=  4.15  GPa 
viT=  v^O.3 

■5»-  X 

ABAQUS  5.8  is  adopted. 

Fig.l  Composite  laminates  subjected  to  a 
concentrated  load 

A  finite  element  mesh  is  shown  in  Fig.2. 
A  three-dimensional  20-node  isoparametric 
brick  elements  and  15-node  wedge  elements 
(only  at  the  center  of  the  delaminated  area)  are 
used.  The  geometrical  nonlinearity  due  to  the 
finite  deflection  is  considered.  Contact  problem 
at  the  delaminated  surfaces  is  considered 
through  using  a  nonlinear  spring  element 
between  the  double  nodes  at  the  delaminated 
surface,  which  has  high  stiffness  in  compressive 
direction  and  no  resistance  in  tensile  direction. 
Energy  release  rates  are  calculated  along  the 
circular  delaminations  by  using  virtual  crack 
closure  technique. 


Fig.2  Finite  element  mesh  of  square 
laminate 


Interface  element 

An  interface  element  is  proposed  to  simulate  the 
damage  propagation.  A  16-node  element  is 
developed  to  incorporate  between  the  20-node 
brick  element  (Fig.3).  The  elements  which  need 
to  have  no  thickness  are  placed  where 
delaminations  are  expected  to  propagate.  In  this 
figure,  x,  y,  z  and  | ,  rj  are  global  and  local 
coordinate  system,  respectively. 


Fig 3  Interface  element 


The  relative  displacements  Am*  between 
the  double  nodes  in  in-plane  (k= 1,2)  and 
out-of-plane  (k= 3)  directions  are  defined  as 

Am*  =  Jj&GT^Am*0  (k  =1,2,3)  (1) 

where  #(£  >?)  are  shape  functions.  The  energy 
4>(£,  rj)  stored  in  a  unit  area  is  defined  as 

^^)  =  G([l-exp[-^,J7)}]+^c(AM3|  -  Au,)2  ^ 

<p(%,rt)  =  aAu/  +  £(Au,2  +  A u22) 

where  Gt  is  critical  total  energy  release  rate,  and 
a  and  p  are  coefficients  associated  with  critical 
relative  displacements.  The  second  term  in 
Eq.(2)  is  introduced  to  consider  the  contact 
problem.  The  stored  energy  and  traction  are 
plotted  against  a  relative  displacement  Aw  in 
Fig.4.  The  traction  is  defined  to  reduce  when 
the  relative  displacement  exceeds  a  certain 
value.  This  interface  element  is  incorporated 
into  the  finite  element  code  by  using  the  USER 
SUBROUTINE  command. 
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Aw  (mm) 


Fig.4  Relationship  between  potential  energy 
and  traction 

Numerical  results 

Energy  release  rate  distribution 
The  energy  release  rate  distributions  along  the 
delaminations  are  computed  for  the  damaged 
model.  Fig.5  shows  the  distributions  of  the  total 
energy  release  rates  when  the  applied  load  is 
300  N.  The  center  displacement  was  about  0.4 
mm  for  this  case.  The  nonlinearity  is  not 
significant  at  this  displacement  level.  The 
energy  release  rate  tends  to  be  large  at  the 
mid-surface,  where  transverse  shear  stress 
and  Zp)  is  usually  maximum.  The  energy 
release  rate  at  the  delaminations  near  the  both 
surfaces  tends  to  be  large  in  the  stiffer  principal 
material  direction  of  the  delaminated  portion 
outsides  the  corresponding  delamination.  The 
distributions  are  almost  uniform  at  the 
delamination  inside.  It  is  because  anisotropy  of 
the  portions  outside  the  delamination  are  weak. 

Fig.6  shows  the  distributions  of  the  total 
energy  release  rates  when  i>=2280N.  Center 
displacement  is  about  1.5  mm,  which  is  6  times 
larger  than  the  delaminated  ligaments.  The  fiber 
directions  of  the  layers  just  above  and  below 
each  delamination  are  indicated  by  the  shorter 
and  longer  lines  with  arrows  in  each  figure.  The 
maximum  value  exceeds  200  J/m2  and  the 
delaminations  may  propagate  around  this  load 
level.  The  direction  of  maximum  energy  release 
rate  changes  from  the  material  principal 
direction  of  the  upper  delaminated  portion  to 
that  of  the  layer  just  below.  The  difference 
between  the  radial  moduli  of  the  layers  above 


and  below  the  delamination  is  plotted  in  Fig.7. 
The  shape  is  similar  to  the  energy  release  rate 
distribution. 

We  may  conclude  that  the  distribution  of 
energy  release  rate  is  dominated  by  the  value  of 
the  material  elastic  property  when  the  deflection 
is  small  and  bending  is  dominant  and  by  the 
stiffness  difference  of  the  laminas  just  below 
and  above  the  delamination  when  the  deflection 
is  large  and  the  in-plane  stress  is  dominant. 


(i)  at  delamination  1  (ii)  at  delamination  8  (iii)  at  delamination  15 

Fig.5  Energy  release  rate  distribution  along 
the  delamination  edges  at  P=300  N 


(i)  at  delamination  1  (ii)  at  delamination  8  (iii)  at  delamination  15 


:  fiber  direction  of  the  layer  above 
:  fiber  direction  of  the  layer  below 


Fig.6  Energy  release  rate  distribution  along 
the  delamination  edges  atP=2280  N 


Energy  release  rate  distribution  of  delamination  1 


Difference  of  elastic  constants 

in  radial  direction  between  -45  and  90  degree  layers 


Fig.7  The  stiffness  difference  between  the 
layers  whose  orientations  are  -45°  and  90° 
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Analysis  of  crack  propagation 
To  demonstrate  the  validity  of  the  present 
interface  element,  crack  propagation  in  a  double 
cantilever  beam  (25  mmxl50  mmx4  mm)  is 
solved  as  a  three-dimensional  problem.  The 
length  of  an  initial  delamination  is  30  mm. 
Elastic  properties  of  the  composite  are  same  as 
that  of  the  ply  of  the  square  laminate.  The  fiber 
direction  is  same  as  the  beam  axis. 

The  finite  element  mesh  is  shown  in 
Fig.8.  The  values  of  critical  total  energy  release 
rate  used  in  this  analysis  are  200,  500,  600  J/m“. 
Coefficients  aand  /?are  100  mm'2,  which  means 
that  the  maximum  stress  is  attained  at  the 
relative  displacement  of  0.065  mm.  The 
analysis  is  performed  by  a  displacement  control. 


Interface  element 

Fig.8  Double  cantilever  beam  and  finite 
element  modeling 


The  applied  load  is  plotted  against  crack 
opening  displacement  in  Fig.9.  Since  the 
process  zone  is  large,  stiffness  of  the  beam 
reduces  at  the  very  early  stage  of  loading.  The 
present  results  agree  well  with  theoretical  ones 
based  on  a  beam  theory  plotted  by  broken  lines 
in  the  propagation  stages. 

The  distribution  of  the  normal  stress  <33 
at  the  plane  of  delamination  is  shown  in  Fig.10. 


Fig.9  Relationship  between  load  and 
crack  opening  displacement 


Stress  in  the  newly  delaminated  surface  is 
nearly  zero  and  reaches  maximum  at  the  crack 
tip  area.  The  area  of  high  stress  shows  an  edge 
effect.  The  process  zone,  that  is,  stress  increased 
area  in  this  figure  is  fairly  large. 


Initial  dclamination 


Fig.10  Stress  distribution  at  the  interface 
Summary 

The  mechanism  of  damage 
accumulation  during  impact  is  well  disclosed  by 
the  present  finite  element  analysis  through  the 
energy  release  rate  distributions.  We  could 
propose  an  efficient  interface  element  for 
crack-like  damage  propagation  for 
three-dimensional  problem. 
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Abstract 

A  constitutive  model  to  describe  the 
rate-dependent  behavior  of  unidirectional 
fiber-reinforced  composites  is  developed 
from  phenomenological  points  of  view. 
Unidirectional  composites  are  assumed  to 
be  transversely  isotropic.  Constitutive 
modeling  is  based  on  the  irreversible 
thermodynamics  with  internal  variables. 
Constitutive  relations  are  systematically 
derived  from  the  free  energy  and  dissipation 
functions;  these  thermodynamic  potentials 
are  defined  using  a  transversely  isotropic 
tensor  of  the  fourth  rank.  Validity  of  the 
proposed  model  is  evaluated  on  the  basis  of 
the  stress-strain  responses  of  a  thermoplastic 
resin  system  under  different  loading-rate 
conditions  at  elevated  temperature. 

Key  Words:  Unidirectional  Composite, 
Off-axis  Loading,  Viscoplasticity, 
Constitutive  Modeling 

Introduction 

Nonlinear  deformation  of  polymer 
matrix  composites  depends  on  time,  loading 
rate  and  temperature,  which  becomes  more 
significant  under  off-axis  loading  conditions. 
This  is  due  to  the  inherent  characteristics  of 
the  polymer  matrices  employed.  For 
accurate  evaluation  of  the  performance  and 


life  of  the  structural  components  made  of 
polymer  matrix  composites,  therefore,  it  is 
crucial  to  develop  engineering  procedures  to 
predict  the  deformation  and  fracture  by 
appropriately  considering  the  time,  rate  and 
temperature  dependence. 

Macromechanical  modeling  of  the 
viscoplastic  behavior  of  unidirectional  fiber 
systems  was  attempted  by  Sun  and 
co workers  [1,2].  Gates  and  Sun  [1]  extended 
the  time-independent  Sun-Chen  model  [3] 
for  plane  stress  conditions  to  develop  a 
viscoplasticity  model  based  on  overstress. 
Yoon  and  Sun  [2]  proposed  another  plane- 
stress  viscoplasticity  model;  they  extended 
the  Bodner-Partom  model  [4]  for  the 
viscoplastic  behavior  of  isotropic  materials 
using  the  effective  stress  and  effective 
inelastic  strain  of  the  Sun-Chen  model  [3]. 
By  comparison  with  experimental  results,  it 
is  shown  that  the  Gates-Sun  model  [1]  and 
the  Yoon-Sun  model  [2]  can  describe  the 
monotonic  tensile  deformation  behavior  and 
its  rate-dependence  for  unidirectional 
polymer  matrix  systems  under  plane-stress 
off-axis  loading  conditions  at  room  and  high 
temperatures. 

In  these  viscoplasticity  models,  a  single 
scalar  internal  variable  is  assumed  to 
describe  the  rate-dependent  nonlinear 
behavior.  However,  it  has  not  been  validated 
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experimentally  that  the  internal  state 
associated  with  the  macroscopic  inelastic 
deformation  of  unidirectional  fiber 
composites  is  represented  in  terms  of  an 
isotropic  scalar  variable.  Actually,  the 
Bauschinger  effect  has  been  observed  for 
the  fiber-reinforced  composites  subjected  to 
tensile  pre-strain  in  the  range  of  nonlinear 
response  [5].  Such  an  anisotropic  response 
cannot  be  described  in  terms  of  a  single 
scalar  variable.  To  represent  accurately  the 
internal  state  associated  with  the 
macroscopic  inelastic  behavior  of  fiber- 
reinforced  composites  from  macroscopic 
and  phenomenological  points  of  view, 
therefore,  both  scalar  and  tensor  (second 
rank  or  even  higher)  variables  are  required. 

The  present  study  aims  to  develop  a 
three-dimensional  constitutive  model  to 
describe  the  viscoplastic  behavior  of 
unidirectional  fiber-reinforced  composites 
from  a  macromechanics  point  of  view.  A 
particular  emphasis  is  placed  on  a  general 
formulation  in  which  the  internal  state 
associated  with  inelasticity  is  described 
using  both  isotropic  (scalar)  and  kinematic 
(tensor  of  the  second  rank)  hardening 
variables.  The  formulation  is  based  on  the 
irreversible  thermodynamics  [6]  for  the 
inelastic  behavior  of  transversely  isotropic 
continua.  Applicability  of  the  proposed 
constitutive  model  is  evaluated  by 
comparing  the  predicted  and  experimental 
results  on  unidirectional  AS4/PEEK  under 
monotonic  off-axis  tensile  loading  at 
different  strain-rates  and  stress-rates  [7]. 

Viscoplasticity  Model  for  Transversely 
Isotropic  Materials 

For  two  tensors  x  and  y  of  the  second 
rank,  the  trace  operation  tr(x y)  is  denoted 
as  x  •  y  in  the  following. 

State  Relations  of  Interna l  Variables 
At  any  instant  of  monotonic  inelastic 
deformation,  it  is  assumed  that  the  internal 


state  is  described  by  a  scalar  p  and  a 
symmetric  second-rank  deviatoric  tensor  £. 
To  define  the  thermodynamic  force 
variables  associated  with  the  assumed 
internal  variables,  the  Helmholtz  free  energy 
y/  is  introduced.  If  uncoupled  physical 
processes  take  place  at  the  same  time,  the 
total  free  energy  function  is  expressed  by 
the  sum  of  the  free  energy  functions  for 
respective  processes  [6].  In  the  present 
study,  the  free  energy  is  expressed  as 

V'  =  V',(0  +  V'/,(^P)  (1) 

where  £f  is  the  elastic  strain  tensor;  i.e.  the 
difference  between  the  total  strain  e  and 
the  viscoplastic  strain  e'’: 

E‘‘  =  e-er  (2) 

The  free  energy  components  in  the  right- 
hand  are  specified  as 

y,(e')  =  (I /2)e'Ce'  (3) 

Vp(l,p)  =  (ll3)H£, k  +  h(p)  (4) 

where  C  in  Eq.  (3)  denotes  the  transversely 
isotropic  elastic  tensor  of  the  fourth  rank,  H 
in  Eq.  (4)  is  a  material  constant  and  h(p) 
represents  a  positive  function  of  the  scalar 
internal  variable. 


From  the  assumed  free  energy,  the 
thermodynamic  forces  a,  p  and  r  associated 


with  e',  %  and  p  are  obtained  as 

a  =  dy/fdEf  =C(e-ep) 

(5) 

p  =  <?y//<^  =  (2/3  )//£ 

(6) 

-s 

II 

£ 

II 

"o’ 

(7) 

Evolution  Equations  of  Interna!  Variables 
To  prescribe  the  evolution  equations  of  the 
assumed  internal  variables,  a  dissipation 
function  is  defined.  To  derive  the  non-linear 
hardening  format  of  Armstrong-Frederick 
type  [6],  we  assume  the  following  form: 

Qvp=[K0/(m+\))Wvp^  (8) 
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Fig.l  Predicted  off-axis  stress  strain 
curves  for  6=  10° 


Axial  Strain  £  ,  % 


Fig.2  Predicted  off-axis  stress  strain 
curves  for  6  =  30° 

The  invariant  function  Wvp  in  the  right- 
hand  side  is  specified  as 

s*=s-p  (9) 

Wvp  =  W  +(L/2H)J(3l2)p-Ap2  ^ 

-{HLI2)4{2I3%  A^2 

W  ~(u (A,s*>  -  r  -  cr0)  (11) 

U{  A,s*)  =  V(3/2)s*-As*  (12) 

where  s  in  Eq.  (9)  is  the  deviatoric  part  of 
the  Cauchy  stress  CT,  <70  in  Eq.  (11) 
represents  the  size  of  the  initial  elastic 
region,  i.e.  L/(A,s)  =  <70,  and  Kq,  L  and  m 
denote  material  constants.  The  angular 


Fig.3  Predicted  off-axis  stress  strain 
curves  for  6=  45° 


Fig.4  Predicted  off-axis  stress  strain 
curves  for  6=  90° 


brackets  <  >  define  the  operation:  <x>  =  x 
(x  >  0);  <x>  =  0  (x  <  0),  i.e.  the  Macauley 
brackets.  The  stress  invariant  U  (i.e. 
equivalent  stress)  is  defined  in  terms  of  the 
fourth  rank  tensor  A  that  describes  the 
initial  anisotropy  (transverse  isotropy).  It  is 
assumed  that  A  transforms  a  deviatoric 
tensor  (of  the  second  rank)  to  another 
deviatoric  tensor;  this  condition  is  imposed 
so  that  the  derived  viscoplastic  strain  would 
satisfy  the  incompressibility. 

The  time-rate  of  the  viscoplastic  strain 
is  derived  from  Eq.  (8)  as 

tp  =  v0(d£lvp  /ds)  =  (3 P  !2U)n  (13) 

where 
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P  =  v0K0Wm  =KWm 

(14) 

u  =  As* 

(15) 

In  the  same  way,  we  can  obtain  the 
time-rate  of  the  assumed  internal  variables 
as 

i  =  -v0(Xlvp  /dp)  =  £p  -  (3 L  !2H)Pv  (16) 
p  =  -v0(dnvp/dr)  =  P  (17) 

where 

v  =  Ap  (18) 

Taking  into  account  Eqs.  (6)  and  (7),  the 
time  rates  of  the  kinematic-hardening  and 


isotropic-hardening  variables 

can  be 

expressed  as 

p  =  (2/3  )Ht"-LP\ 

(19) 

r  =  (d2h/dp2)P 

(20) 

Simulation 

To  examine  the  applicability  of  the 
proposed  viscoplasticity  model,  the  off-axis 
tension  behavior  of  unidirectional 
AS4/PEEK  at  different  strain  rates  and 
stress  rates  [7]  is  simulated. 

Predictions  using  the  proposed 
combined  hardening  model  and  its  isotropic 
and  kinematic  hardening  versions  agree 
with  each  other  when  monotonic  tensile 
behavior  is  analyzed.  Since  the  present 
study  primarily  aims  to  evaluate  the 
predictive  capability  of  the  rate-dependent 
nonlinear  behavior  under  off-axis  loading, 
the  simulation  using  the  isotropic  hardening 
model  is  presented. 

The  predictions  for  the  off-axis  tensile 
behavior  at  two  different  stress  rates  of  1 00 
and  1.0  MPa/min  are  compared  with  the 
experimental  results  in  Figs.  l(a)-(c).  These 
figures  show  the  verification  of  the 
proposed  model  for  the  viscoplastic 


behavior  under  monotonic  loading 
conditions,  since  the  material  constants  of 
the  constitutive  model  have  been  identified 
using  the  constant  strain-rate  test  results. 
From  these  figures,  it  is  obvious  that  the 
macromechanics  model  favorably  describes 
the  rate  dependence  of  the  off-axis  nonlinear 
behavior  for  the  unidirectional  AS4/PEEK 
at  high  temperature. 

Conclusion 

A  three-dimensional  macroscopic 
constitutive  mode!  to  describe  the 
viscoplastic  behavior  of  unidirectional  fiber 
composites  has  been  developed  on  the  basis 
of  irreversible  thermodynamics  approach.  A 
particular  emphasis  is  placed  on  a  general 
description  of  the  internal  state  associated 
with  viscoplasticity  of  material  using  scalar 
and  second-rank  tensor  variables.  A  basic 
analysis  of  the  rate-dependent  nonlinear 
deformation  of  unidirectional  AS4/PEEK 
under  off-axis  loading  at  high  temperature 
was  made  using  the  proposed  model.  The 
proposed  model  succeeds  in  accurately 
describing  the  nonlinearity  and  the  rate 
dependence  of  the  off-axis  tensile  behavior 
of  unidirectional  AS4/PEEK  at  high 
temperature. 
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Abstract 

A  modeling  of  bearing  failure  has  been 
developed  using  general-purpose  FEM  code 
ABAQUS  in  the  bolted  composite  joints. 
The  fundamental  approach  consists  of 
contact  problem  at  the  pin/hole  interface, 
progressive  damage,  large  deformation 
problem  and  material  nonlinear  problem.  A 
complex  approach  based  on  a  nonlinear 
shear  elasticity  theory  of  Hahn  &  Tsai  fused 
with  a  continuum  damage  mechanics 
(CDM)  approach  can  be  also  utilized  to 
represent  the  material  nonlinear  behavior 
during  loading.  The  damage  accumulation 
criteria  using  the  hybrid  method  based  on 
Hashin  and  Yamada-Sun’s  failure  criteria  are 
adopted,  and  the  stress  redistribution 
analysis  using  a  degradation  model  for  the 
damaged  ply  is  performed. 

Key  words:  CFRP  Laminated  Composites, 
Bearing  Failure,  Progressive  Damage, 
Continuum  Damage  Mechanics  (CDM). 

Introduction 

Degradation  and  failure  of  aircraft 
structures  are  frequently  initiated  at  the 
joints,  so  that  safety,  durability  and 
reparability  are  strongly  influenced  by  the 
adequacy  of  joint  design.  The  next 
generation  supersonic  transport  (SST) 
aircraft  make  extensive  use  of  advanced 
composite  materials  in  both  primary  and 
secondary  structure,  and  the  mechanically 
fastened  joints  have  been  used. 

The  main  aim  of  the  study  describe 
here  is  to  develop  a  model  of  bearing  failure 
in  the  bolted  composite  joints,  which  is  easy 
to  implement  and  easy  to  use,  moreover,  has 
only  a  few  parameters.  The  fundamental 
approach  consists  of  contact  problem  at  the 


pin/hole  interface,  progressive  damage,  large 
deformation  problem  and  material  nonlinear 
problem.  A  complex  approach  based  on  a 
nonlinear  shear  elasticity  theory  fused  with  a 
damage  mechanics  approach  can  be  also 
utilized  to  represent  the  material  nonlinear 
behavior  during  loading.  The  damage 
accumulation  criteria  using  stress  based  on 
the  hybrid  method  of  Hashin  and 
Yamada-Sun’s  failure  criteria  are  adopted, 
and  the  stress  redistribution  analysis  using  a 
degradation  model  for  the  damaged  ply  is 
performed.  The  accurate  prediction  result 
includes  progressive  damage  and  strength 
response  of  the  joints  that  agrees  well  with 
the  existing  experimental  data. 

Analytical  Modeling 
Experimental  characterization 

In  order  to  evaluate  the  relationship 
between  bearing  strength  and  damage 
progress  behavior  in  bolted  composite  joints, 
a  detailed  and  significant  experimental 
investigation  have  been  performed  in  the 
authors  previous  works  [1].  Based  on  the 
experimental  observation,  major  mechanism 
of  the  bearing  failure  can  be  explained  in 
following. 

(1)  The  microscopic  damage  behavior  such 
as  the  fiber  kink-band  of  0°  plies  and 
delamination  appeared  to  be  the 
dominant  mode  in  the  onset  of  damage. 
Out-of-plane  shear  cracks  and 
large-scale  delamination  were  the  major 
reason  for  final  failure. 

(2)  Lateral  constraint  condition  by  the 
washer  suppressed  out-of-plane 
deformation,  and  it  was  recognized  as  an 
important  parameter  to  improve  the  joint 
strength. 
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Table  1.  Damage  variable  FV,  and  failure  index 


Failure  mode 

Failure  index 

Damage  variable 

4 

Matrix  compi 

ession  failure 

2 

cr 2  *0,  e2m  =(^-1  +  (~ 
(Hashin  failure  criteria) 

2 

FVj 

( D 2,  D6) 

°"l  ^ 

Fiber  compress 

■> 0 1 

on-shear  failure 

Qjs; 0,  4=f— )  +  (— 
'  UJ  [SCJ 

(Yamada-Sun  failure  criteria) 

2 

fv2 

(Du  D*  D6) 

The  matrix  compression  failure  and 
fiber  compression-shear  failure  (fiber 
buckling  or  kink-band  of  0°  plies)  are 
dominant  in-plane  failure  modes  in 
laminated  composites  under  compression. 
Therefore,  the  principal  objective  in  this 
study  is  that  an  accumulative  damage  model 
will  be  developed  to  estimate  the  extent  of 
in-plane  compression  damage  for  the 
bearing  failure  mode  in  composite  joints. 

Nonlinear  Shear  Constitutive  Relationship 

It  is  well  know  that  unidirection 
composites  show  a  nonlinear  behavior  for 
the  shear  deformation  along  the  fiber 
direction  without  damage.  Hahn  &  Tsai 
formulated  the  nonlinear  shear  stress/strain 
relationship  using  a  high  order  elasticity 
theory  [2],  and  it  can  be  written  in  following 
simple  form 

E12  =  ^n°\2  +  acri2  (1) 

where  Gn ,  cr12  >  en  are  initial  ply 
shear  modulus,  shear  stress,  shear  strain, 
respectively,  a  is  a  nonlinear  parameter 
constant  of  the  material  that  has  to 
determined  experimentally. 

Next,  the  function  given  by  Eq.  (1)  has 
to  be  rewritten  in  an  incremental  form  in  the 


following  equation  to  be  implemented  in  a 
finite  element  program. 


l  +  2a(o$J 

(4> 

t 

1  +  3aG12(< 

4’f 

Accumulated  Damage  Criteria  and  Property 
Degradation  Rule 

Damage  progress  analysis  carried  out 
in  this  study  is  almost  similar  to  usually 
damage-mechanical  expression  technique 
[3,4].  The  following  procedure  is  adopted: 
first  perform  a  stress  analysis  using  the  finite 
element  method,  then  apply  a  set  of  failure 
criteria  to  check  for  failure  at  each  element, 
and  third,  if  the  failure  has  occurred, 
degrade  the  material  properties.  This 
procedure  must  be  repeated  for  increasing 
load  levels  until  properties  have  been 
degraded  at  so  many  integration  points  that 
the  joint  fails. 

Accordingly,  it  is  necessary  that 
adopting  the  internal  state  variable  represent 
the  mechanic  effect  of  damaged  materials 
and  implement  in  FEM  codes.  For  each 
failure  mode,  damage  variable  FVi  is  shown 
in  Table  1.  The  condition  of  the  damage 
production  at  each  element  using  stress 
based  on  the  hybrid  method  of  Hashin  and 


Table  2.  Dependence  of  the  material  properties  on  the  field  variables 


Failure  state 

Failure  index 
FVI  FV2 

Ei 

Material  properties 
E2  V  12 

Gn 

No  Failure 

0 

0 

E, 

e2 

Vl2 

Gn 

MTRX/Comp.  Failure 

1 

0 

Ei 

d2e2 

D2  v  l2 

E>bGn 

FIB/Comp-Shear  Failure 

0 

1 

D,ls'E, 

d2e2 

D2  vI2 

d6gI2 

MTRX/Comp  & 
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Yamada-Sun’s  failure  criteria  is  adopted 
[5,6].  The  failure  index  ( em ,  eys)  exceeds  1.0, 
the  failure  has  occurred. 

Material  degradation  within  the 
damaged  ply  must  be  considered  according 
to  each  failure  mechanism  in  each  ply.  The 
degraded  effective  ply  stiffness  matrix  can 
be  presented  as  follows: 


'fill 

Qn 

0  ' 

A 

Qn 

Qi 2 

0 

d2 

0 

0 

Qi 6 

A 

where  Dh  D2  and  D6  are,  respectively,  the 
material  degradation  factor  which  depends 
on  each  damage  variable,  and  the 
dependence  is  shown  in  Table  2. 

,  D^nd  represents  degradation  values  on 
Di  of  primary  and  secondary.  In  this 
analysis  these  degradation  factors  A  can  be 
examined  from  a  numerical  parameter  study. 
In  order  to  avoid  the  problem  that  the 
number  of  parameter  to  be  examined 
becomes  enormous,  for  D2  and  A  with  the 
constant  are  approximately  0.3  [7],  only  Dj 
will  be  varied.  Following  examination 
procedure  is  performed:  (  I  )  For  D^' 
varies  from  0.07  to  0.3,  three  finite  element 
meshes  in  Fig.  1  were  used  for  the  analysis 
of  the  load-displacement  curve,  and  the 
effect  of  the  element  mesh  on  the  load 
response  was  examined.  (  II  )  Using  the 
results  the  optimum  element  mesh  and 
value  in  proportion  to  the  onset  damage 
were  determined  by  procedure  ( I  ),  D?nd 
will  be  examined  as  an  exponential  function 
of  D{st . 

Finite  Element  Analysis 
FE  Model 

Consider  the  problem  of  the  middle  lap 
in  a  double  lap  configuration,  the  composite 
plate  is  loaded  with  an  in-plan  load  P  (Fig. 
1)  for  the  pinned-joint.  A  two-dimensional 
finite  element  model  is  created  using  the 
commercial  code  ABAQUS  [8].  Due  to 
symmetry  of  the  analytical  model,  only  half 


Y{2) 


nw wi  i  i  i  -lmh  luiaw  x  mimi 

Mesh-l  Mesh-2  Mesh-3 
Fig.l  FEM  mesh,  boundary  conditions  and 
three  mesh  types 


of  the  laminate  is  modeled  and  symmetry 
boundary  conditions  are  applied  in  the 
planes  defined  in  Fig.  1.  For  a 
[45/0/-45/90]2s  laminated  plate  was  modeled 
with  4-node  plane  stress  elements  (CPS4R). 
To  simulate  the  contact  between  the  pin  and 
the  laminate  plate,  the  pin  circumference  is 
modeled  as  a  rigid  surface  and  the  hole  edge 
as  a  deformable  surface.  The  material 
properties  of  the  unidirectional  CF/PIXA 
composite  for  the  analysis  are  shown  in 
Table  3. 

To  simulate  the  behavior  of  progressive 
damage  in  the  joint,  the  failure  criterion  and 
constitutive  equation  formulated  are 
implemented  in  ABAQUS  through  the  user 
subroutine  USDFLD,  and  the  solution  for 
the  non-linear  problem  is  obtained  using 
repetition  incremented  method.  The 
flowchart  of  progressive  damage  simulation, 
which  built  in  the  above  algorithm,  is  shown 
in  Fig.  2. 

Verification  and  Comparisons 
Table  3  Mechanical  properties  of  CF/PIXA 


material _ 

Elastic  properties  of  CF/PIXA 
Longitudinal  modulus,  Ej  (GPa)  152.4 

Transverse  modulus,  E2  (GPa)  8.06 

Shear  modulus,  G12  (GPa)  4.69 

Poisson’s  ratio  0.34 

Strengths  of  CF/PIXA 

Longitudinal  tensile  strength,  X,  (MPa)  2293 

Longitudinal  compression  strength,  Xc  (MPa)  948.2 

Transverse  tensile  strength,  Y,  (MPa)  66.2 

Transverse  compression  strength,  Yc  (MPa)  (210)* 

In-plane  shear  strength,  Sc  (MPa) _ 155.3 
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Fig.  2  Flow  chart  for  damage  simulation 

A  verification  of  the  accuracy  of  the  model 
is  performed  by  comparison  of  strength 
response  and  damage  pattern  with 
experimental  data.  The  comparison  with 
experimental  result  of  the  load-displacement 
curve  in  joint  response  using  CF/PIXA 
materials  is  shown  in  Fig.  3.  Based  on  this,  it 
is  possible  to  predict  nonlinear  response 
behavior  in  the  load-displacement  curve 
until  the  last  structural  failure,  if  appropriate 
Di  is  selected.  Fig.  4  shows  the  comparison 
of  damage  simulation  with  the  experimental 
result  of  X-radiograph  for  different  load 
stages  and  failure  modes.  The  inside  damage 
aspect  which  appeared  by  the  analysis 
agrees  well  with  the  experimental  result. 

Conclusions 

A  damage-mechanical  approach  was 
developed  for  predicting  the  bearing  failure 
of  pinned  joints.  Nonlinear  algorithm 
containing  the  shear  deformation  without 
damage  and  bearing  damage  were 


Mesh-2,  Dl’^O.S,  D2=D6=0.3 


Fig.  3  Comparison  with  experimental 
data  for  the  joint  response 


considered  in  the  model.  The  effect  of  the 
stiffness  degradation  factors  Djlsf  and  D^nd 
on  the  strength  and  response  of  the  joints 
appear  to  be  very  significant.  Based  on  the 
model,  reproducing  the  inside  damage 
aspect  was  tried.  The  predictions  of  the 
analysis  agreed  with  the  experimental  data 
quite  well. 
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Fig.  4  Comparison  of  damage  simulation  with 
experimental  results  for  different  load  stages  and 
failure  modes  (only  showing  at  45°  ply) 
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Abstract 

Deformation  of  a  unidirectional  carbon 
fiber-reinforced  polymer-matrix  composite 
T800H/Epoxy  under  off-axis  loading  at  high 
temperature  is  examined  with  a  particular 
emphasis  on  elucidation  of  loading-rate 
dependence.  Monotonic  tensile  stress-strain 
curves  at  high  temperature  are  accompanied 
with  marked  nonlinearity  for  all  off-axis 
angles.  Loading  rate  has  significant 
influences  on  the  off-axis  flow  stress  in  the 
regime  of  nonlinear  stress-strain  response.  In 
view  of  a  permanent  strain  remaining  after 
unloading,  this  implies  that  the  off-axis 
nonlinear  deformation  of  this  composite 
may  involve  an  irrecoverable  inelastic  part 
with  a  viscoplastic  nature.  It  is  also 
observed  that  the  elastic  modulus  evaluated 
on  the  basis  of  the  initial  gradient  of  the 
stress-strain  curve  of  off-axis  specimen 
depends  on  loading  rate.  The  present  study 
thus  reveals  that  both  viscoelastic  and 
viscoplastic  effects  on  the  stress-strain 
relationship  should  be  considered  to 
characterize  accurately  the  matrix-dominated 
behavior  of  polymer  matrix  composites  at 


elevated  temperature. 

Key  Words:  Rate  Dependence,  Off-Axis 
Loading,  Unidirectional  CFRP,  High 
Temperature 

Introduction 

Polymers  used  as  constituents  of 
composite  materials,  which  range  from 
amorphous  to  moderately  crystalline,  exhibit 
viscoelastic  and  viscoplastic  responses  to 
load,  regardless  of  the  magnitudes  of  stress 
and  strain  [1].  Viscoelastic  and  viscoplastic 
effects  in  polymers  become  marked  as  the 
temperature  increases  due  to  the  aid  of 
thermal  activation.  A  strong  tendency  of 
polymers  for  the  time-  and  rate-dependent 
behavior  should  have  important  influences 
on  the  mechanical  responses  of  polymer 
matrix  composites  (PMCs),  especially  when 
they  are  subjected  to  off-axis  loading.  To  the 
high-temperature  durability  of  PMC 
laminates  for  advanced  aerospace  structures, 
therefore,  their  matrix-dominated  responses 
to  shear  loading  are  crucial. 
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Effects  of  loading  rate  on  the  off-axis 
tensile  behavior  of  a  unidirectional 
AS4/PEEK  were  studied  by  Gates  and  Sun 
[2],  Yoon  and  Sun  [3],  and  Kawai  et  al.  [4]. 
These  studies  primarily  focused  on  the  rate 
dependence  of  the  nonlinear  deformation  for 
the  unidirectional  system  of  AS4/PEEK  at  a 
relatively  large  strain.  On  the  rate 
dependence  of  the  system  in  the  range  of  an 
apparently  linear  response  at  a  small  strain, 
however,  very  few  studies  are  reported.  The 
rate  effect  at  a  small  strain  should  also  be 
carefully  taken  into  account  to  characterize 
the  rate  dependence  of  the  off-axis  behavior 
of  unidirectional  PMCs,  since  the  elastic 
modulus  of  polymer  usually  depends  on 
loading  rate  [1]  and  accordingly  such  a 
viscoelasticity  effect  may  also  brings  about 
the  rate  dependence  of  the  initial  gradient  of 
the  off-axis  stress-strain  curve.  By  closely 
observing  the  reported  test  results  [3,4],  we 
can  actually  find  the  rate  dependence  of  the 
initial  elastic  moduli  for  unidirectional 
PMCs  under  off-axis  loading.  For  accurately 
evaluating  the  performance  and  reliability  of 
structural  PMCs,  therefore,  it  is  important 
to  elucidate  the  viscoelastic  and  viscoplastic 
effects  on  the  deformation  in  both  linear  and 
nonlinear  regimes. 

The  present  study  aims  to  examine  the 
rate  dependence  of  the  off-axis  deformation 
behavior  at  small  and  large  strains  for  a 
unidirectional  carbon  fiber-reinforced 
composite  T800H/Epoxy.  Monotonic 
tension  tests  are  performed  using  off-axis 
plain  coupon  specimens  at  three  different 
stress  rates  at  100°C. 

Material  and  Experimental  Procedure 

Material  and  Specimen 

The  material  used  in  the  present  study  is  a 

unidirectional  fiber  composite  fabricated 


using  the  autoclave  method  from  the  prepreg 
(P2053-17,  TORAY)  which  consists  of  the 
carbon  fiber  (T800H)  and  the  thermosetting 
epoxy  resin  (#2500).  The  volume  fraction  of 
the  fibers  is  Vj  =  63.8  %,  and  the  lay-up  of 
the  virgin  laminate  is  [0]  12-  The 
T800PI/Epoxy  prepreg  was  cured  at  130°C 
for  two  hours. 

Six  kinds  of  plain  coupon  specimen 
with  a  different  off-axis  angle  (0  =  0,  10,  15, 
30,  45,  90°)  were  cut  from  400  mm  by  400 
mm  unidirectional  laminate  panels.  The 
shape  and  dimensions  of  the  off-axis 
specimens  are  based  on  the  testing  standard 
JIS  K  7073  [5];  the  specimen  length  L  =  200 
mm  and  the  thickness  /  =  1.7  mm.  The 
specimen  width  is  10  mm  for  6=  0°,  and  20 
mm  for  other  off-axis  angles.  Rectangular¬ 
shaped  aluminum-alloy  tabs  were  attached 
on  both  ends  of  the  specimens  using  epoxy 
adhesive  (ARALDITE);  the  thickness  of 
end-tabs  is  1.0  mm. 

Experimental  Procedure 
Static  tension  tests  were  carried  out  at 
100°C  at  three  different  rates  of  100,  10  and 
1.0  MPa/min.  The  specimens  were  heated 
up  to  100°C  in  air  without  applying  the  load, 
and  they  were  preconditioned  in  the  test 
environment  for  60  minutes  prior  to  test. 

The  longitudinal  and  lateral  strains  of 
each  specimen  were  monitored  with  two- 
element  L-type  rosette  strain  gauges.  These 
strain  gauges  were  mounted  back  to  back  at 
the  center  of  specimens. 

The  monotonic  tension  tests  at  1 00°C 
were  performed  using  a  servo-hydraulic 
testing  machine  MTS-81 0.  To  raise  the 
temperature  of  specimens,  a  heating  chamber 
with  a  precise  digital  control  capability  was 
employed.  The  specimens  were  clamped  in 
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Axial  Strain  Ex,  % 


Fig.l  Axial  stress-strain  relationships 
for  all  off-axis  angles  (100 
MPa/min) 


Fig.2  Rate  dependence  of  the  off-axis 
stress-strain  relationships  (0= 
45°) 


the  heating  chamber  by  the  high-temperature 
hydraulic  wedge  grips  fitted  on  the  testing 
machine. 

Experimental  Results  and  Discussion 

Off-Axis  Tensile  Behavior 
Tensile  st res  s- strain  curves  of 
T800H/Epoxy  at  100°C  with  a  constant 
stress  rate  of  100  MPa/min  are  presented  in 
Fig.  1  for  various  off-axis  angles  0.  The  first 
quadrant  of  this  figure  exhibits  the  stress  - 


Fig.3  Rate  dependence  of  the  shear 
stress-strain  relationships 


strain  response  in  the  loading  direction 
(<7X  -£x),  and  the  second  quadrant  displays 
the  relationship  between  the  longitudinal 
stress  (7  and  the  lateral  strain  £  .  A 

■*  y 

significant  nonlinear  behavior  is  clearly 
observed  for  the  off-axis  angle  in  the  range 
10°  <  0  <  45°.  The  off-axis  fracture  strains 
are  larger  than  2  %  in  this  range  of  off-axis 
angle. 

The  off-axis  angle  dependence  of  the 
Young's  modulus  Ex  and  the  Poisson  ratio 
are  accurately  predicted  by  the 
orthotropic  linear  elasticity  theory  [6].  The 
off-axis  tensile  strengths  are  appropriately 
described  using  the  Tsai-Hill  criterion  [6]. 
Similar  features  of  the  off-axis  stress-strain 
responses  were  observed  at  different  stress- 
rates  of  10  and  1.0  MPa/min. 

Rate  Dependence  of  Off-Axis  Tensile 
Behavior 

Comparisons  between  the  off-axis  stress- 
strain  curves  at  100°C  under  three  different 
stress  rates  of  100, 1 0,  and  1.0  MPa/min  are 
presented  in  Fig.  2  for  the  case  6  -  45°.  It  is 
obvious  that  the  axial  flow  stress  ax  in  the 
nonlinear  regime  becomes  smaller  at  lower 
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the  epoxy  matrix. 
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stress  rate;  the  same  tendency  was  observed 
for  all  off-axis  angles  except  0°. 

Fig.  3  shows  the  shear  stress-strain 
curves  based  on  the  off-axis  tension  test 
results  for  $  =  45°  at  100,  10  and  1.0 
MPa/min;  the  stress  and  strain  components 
are  taken  with  respect  to  the  material 
principal  coordinate  system.  In  the  nonlinear 
regime,  the  shear  flow  stress  Ti2  is  smaller 
at  lower  strain  rate.  The  rate  dependence  of 
the  shear  flow  stress  is  comparable  with  that 
of  the  axial  flow  stresses  under  off-axis 
loading.  This  indicates  that  the  rate 
dependence  of  the  off-axis  flow  stress  of 
this  system  at  100°C  is  controlled  by  the 
viscous  nature  of  the  epoxy  matrix. 

Fig.  4  shows  the  rate  dependence  of  the 
elastic  modulus  that  is  evaluated  on  the  basis 
of  the  initial  gradient  of  the  off-axis  stress- 
strain  curve.  From  this  figure,  it  is  clearly 
observed  for  6  >  0°  that  the  initial  slope 
tends  to  become  lower  at  a  lower  stress  rate. 
It  is  believed  that  the  rate  dependence  of  the 
initial  slope  of  the  off-axis  stress-strain 
curve  reflects  the  viscoelastic  property  of 


Conclusions 

The  rate  dependence  of  the  linear  and 
nonlinear  deformation  under  off-axis  tensile 
loading  was  examined  for  the  unidirectional 
carbon  fiber-reinforced  composite 
T800H/Epoxy  at  high  temperature.  The 
monotonic  tension  tests  were  performed  at 
three  different  stress  rates:  100,  10  and  1.0 
MPa/min,  respectively. 

Except  for  the  fiber  direction  0=  0°,  the 
flow  stress  in  the  nonlinear  regime  depends 
on  loading  rate,  and  it  becomes  smaller  at  a 
lower  rate.  The  rate  dependence  of  the  off- 
axis  flow  stress  almost  agrees  with  that  of 
the  in-plane  shear  flow  stress.  These 
observations  reveal  that  nonlinear  response 
of  T800H/Epoxy  is  apparently  viscoplastic 
and  this  comes  from  the  characteristic  of  the 
epoxy  matrix.  The  rate  effect  was  also 
observed  at  a  small  strain;  the  initial  slope  of 
the  off-axis  stress-strain  relationship 
becomes  less  at  a  lower  loading  rate.  This 
reflects  the  viscoelasticity  of  the  epoxy. 
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Abstract 

Crack  closure  in  epoxy  resin  plates 
with  embedded  linear  shape-memory  alloy 
(SMA)  wires  as  an  actuator  in  smart 
structure  members  was  investigated  as  a 
function  of  the  duration  of  the  supply  of 
electric  current  to  the  SMA  wire  under  a 
tensile  load  using  finite-element  analysis 
(FEA),  and  discussed  comparing  with  that 
obtained  from  photoelastic  experiments. 
The  simulated  isochromatics  near  the  crack 
tip  were  drawn  on  the  basis  of  stresses 
obtained  from  the  FEA,  and  used  to 
calculate  the  stress  intensity  factor.  The 
analytical  results  were  in  good  agreement 
with  those  obtained  using  photoelastic 
experiments.  Therefore,  the  simulated 
isochromatics  suggested  the  possibility  of 
applications  in  the  prediction  of  the 
intensity  of  the  crack  closure. 

Key  Words:  Smart  Structure,  Shape 
Memory  Alloy,  Crack,  Crack  Closure, 
Epoxy  Resin  Plate,  Finite-Element 
Analysis,  Actuator 

Introduction 

Recently,  one  of  the  authors  has 
investigated  the  fundamental 

characteristics  of  shape-memory  alloy 


(SMA)  wires,  which  are  an  effective 
actuator  in  smart  structures,  embedded  in 
epoxy  resin  plates  to  develop  a  smart 
structure  which  prevents  crack  generation 
and  closes  generated  cracks  in  machine 
parts  and  structure  members[l-3].  The 
temperatures  of  the  SMA  wires  embedded 
in  the  plates  must  exceed  the  austenite 
finishing  temperature,  Af,  at  which  the 
SMA  wires  recover  completely  in  the 
memorized  shape,  to  close  cracks 
efficiently.  In  those  studies,  the  amount  of 
electric  current  supplied  to  SMA  wires  to 
recover  the  SMA  shape  was  controlled  so 
that  the  temperature  of  the  SMA  wire 
surface  in  the  atmosphere  approached  Af. 
Therefore,  the  recovery  power  of  SMA 
wires  may  not  be  used  efficiently  in  the 
plates  because  the  temperatures  of  SMA 
wires  in  the  plates  may  not  exceed  Af . 

Then,  the  authors  have  attempted  to 
estimate  the  temperatures  of  SMA  wires  in 
epoxy  resin  plates  heated  by  supplying 
electric  current  using  an  infrared 
thermography  technique  and  the 
finite-element  method.  Consequently,  the 
temperatures  of  SMA  wires  in  epoxy  resin 
plates  have  been  found  to  be  approximately 
half  to  2/3  of  the  temperature  of  a  SMA 
wire  in  the  atmosphere[4]. 

In  this  study,  in  consideration  of 
those  results,  we  investigated  crack  closure 
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in  an  epoxy  resin  plate  with  an  embedded 
linear  SMA  wire  heated  by  supplying 
electric  current  using  finite-element 
analysis,  and  evaluated  whether  the 
finite-element  analysis  was  effective  for 
estimating  the  crack  closure,  in  comparison 
with  photoelastic  experiments. 

Photoelastic  Experiment 

Experimental  Method 
Figure  1  shows  the  shape  and  dimensions  of 
the  specimen  used.  The  SMA  used  was  a 
TiNi  wire  with  0.5mm  diameter,  290MPa 
maximum  recovery  stress,  6%  shape 
recovery  and  58°C  austenite  finishing 
temperature,  Af[5],  The  SMA  wires  had  a 
14.1GPa  Young's  modulus  and  Poisson’s 
ratio  of  0.3  at  20°C  after  shape-memory  heat 
treatment. 

One  linear  SMA  wire  of  200mm 
length  with  approximately  6%  prestrain  was 
embedded  in  an  epoxy  resin  plate;  the  epoxy 
resin  plates  were  produced  from 
Araldite-CY230:  hardener-HY956  =  100:  20 
in  a  weight  ratio.  The  epoxy  resin  plate,  in 
which  the  SMA  wire  was  not  embedded,  had 
2.8GPa  Young's  modulus,  0.35  Poisson’s 
ratio,  and  0.058mm/N  photoelastic 
sensitivity  at  20°C.  The  SMA  wire  was 
fixed  during  the  formation  of  the  plate  to 
prevent  recovery  of  the  SMA  shape  during 
high  heat  generation  in  the  initial  stage  of 
molding.  A  steel  plate  of  0.15mm  thickness 


Fig.l  Shape  and  dimensions  of  specimen 
used  for  crack  closure  function  tests 


with  silicon  grease  applied  to  the  surface  to 
a  thickness  of  about  0.025mm  was  placed  in 
the  mold  before  adding  the  mixture  of 
Araldite  and  hardener,  in  order  to  form  a 
notch  of  about  0.2mm  to  simulate  a  crack. 

An  electric  current  of  1.5 A  was 
supplied  for  60s  to  the  SMA  wire  in  the 
specimen  under  a  tensile  load  of  51 5N  in  a 
photoelastic  measuring  apparatus,  and 
thereafter  the  current  was  switched  off. 
Photoelastic  fringes,  known  as 
isochromatics,  generated  near  the  crack  tip, 
were  recorded  using  an  8mm  video  camera, 
and  used  to  calculate  the  stress  intensity 
factor,  K\,  using  the  Irwin  method[6]. 

In  order  to  evaluate  the  function  of 
crack  closure  in  the  specimen,  we  used  the 
variation  rate  of  K\,  Rki,  defined  by 

rki  =  ■<‘l>  -  K '<■>  )„  ion  (%),  (i) 

K  1(0) 

where  A'i(O)  is  K\  before  current  was 
supplied  to  the  SMA  wire,  and  K\ (t)  is  that 
at  time  t  after  the  current  supply.  The  crack 
in  the  specimen  is  closed  when  JRki  is 
negative,  and  open  when  7?ki  is  positive. 

Experimental  Results 
Figure  2  shows  variations  in  isochromatics 
near  the  crack  tip  in  the  specimen  for  a  60s 
duration  of  current  supply.  In  these  figures, 
the  SMA  wires  are  indicated  by  the  black 
horizontal  lines,  and  the  cracks  by  the 
black  segmented  lines  at  the  lower  center. 
The  spread  of  the  isochromatics  generated 
at  the  crack  tip  became  small  with  time. 
Therefore,  it  is  understood  that  the  crack 
closes. 

Finite-Element  Analysis 
Analytical  Method 

Crack  closure  in  an  epoxy  resin  plate  with 
an  embedded  linear  SMA  wire  was 
evaluated  as  a  function  of  the  duration  of 
the  supply  of  electric  current  to  the  wire 
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(b)  £=60s 

Fig.2  Variations  in  isochromatics 
(N:  Fringe  order) 


under  tensile  loads  using  the  finite-element 
method  (FEM).  Simulated  isochromatics, 
which  are  obtained  by  2otf(oi-c^),  where 
0\  and  02  are  the  principal  stresses  on  the 
structure  surface,  were  used  to  evaluate 
crack  closure. 

Figure  3  shows  the  finite-element 
model,  which  had  the  same  shape  as  that  in 
Fig.l.  However,  the  right-hand  half  of  the 
experimental  specimen  was  used  for  the 
analytical  model  because  the  specimen  was 
symmetrical.  The  shape  at  the  crack  tip  for 
the  model  was  the  same  as  that  for  the 
experimental  specimen. 

The  material  properties  of  the  SMA 
wire  and  the  epoxy  resin  plate  were  the 
same  as  those  for  the  experiment  specimen 
except  the  Young’s  moduli,  of  which 
temperature  dependability  was  taken  into 
consideration. 

In  the  analytical  model,  eight-node 
three-dimensional  elements  were  used.  The 


number  of  elements  was  8,328  and  the 
number  of  nodes  was  10,043. 

Recovery  stress  and  strain  of  the 
SMA  wire,  which  depended  on  the 
temperature  of  the  wire,  were  given  to  the 
wire  under  a  tensile  load  of  515N,  which 
was  the  same  as  that  for  the  experiment. 
The  SMA  wire  heated  supplying  an  electric 
current  generate  heat  to  rise  with  time.  In 
this  study,  the  heat  was  calculated  as  a 
function  of  the  duration  of  electric  current 
by  Joule’s  heat  analysis  using  the  FEM, 
and  given  to  the  SMA  wire  as  a  source  of 
heat.  The  same  model  as  that  used  in  this 
study  was  used  in  the  heat  analysis  except 
that  a  load  did  not  act  on  the  model. 

The  simulated  isochromatics  near 
the  crack  tip  were  drawn  on  the  basis  of 
stresses  obtained  from  the  FEA,  and  used 
to  calculate  the  stress  intensity  factor.  The 
analysis  was  carried  out  for  60s.  MARC 
was  the  analytical  software  used. 

Analytical  Results 

Figure  4  shows  variations  in  simulated 
isochromatics  obtained  by  the  FEA.  In 
these  figures,  the  isochromatics  shown  in 
the  left-hand  half  were  obtained  by  copying 
those  shown  in  the  right-hand  half.  The 
results  showed  that  a  spread  of  simulated 
isochromatics  generated  at  the  crack  tip 
became  small  with  time  in  the  same  way  as 
the  experimental  results.  Therefore,  it  is 
understood  that  the  crack  closes. 


cr=3.43  M  Pa 


Fig3  Analytical  model 
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Comparison  of  Experimental  and 
Analytical  Results 

Figure  5  shows  a  comparison 
between  variations  in  jRki  obtained  from 
isochromatics  and  those  obtained  from 
simulated  isochromatics.  From  Figs.2,  4 
and  5,  analytical  isochromatics  near  the 
crack  tip  and  around  the  SMA  were  similar 
to  experimental  isochromatics,  and  the 
analytical  Rki  was  in  good  agreement  with 
the  experimental  one.  These  results  showed 
that  the  proposed  method  was  effective  in 
determining  the  stress  intensity  factor. 

Therefore,  crack  closure  in  an 
epoxy  resin  plate  with  embedded  SMA 
wires  heated  by  supplying  electric  current, 
and  the  stresses  inside  the  plate,  which  are 
difficult  to  determine  using  experiments, 
can  be  evaluated  using  the  FEA. 


(b)  /=60s 


Fig.4  Variations  in  simulated 
isochromatics  obtained  using  FEM 
(N:  Fringe  order) 


0  20  40  60 

t(s) 

Fig.5  Comparison  between  variations  in 
Rki  obtained  from  isochromatics  and 
simulated  isochromatics  for  a  current 
supply  of  60s 

Conclusions 

Crack  closure  in  an  epoxy  resin 
plate  with  an  embedded  SMA  wire  heated 
by  supplying  electric  current  was  evaluated 
using  the  FEA.  The  analytical  results  were 
in  good  agreement  with  those  obtained 
from  photoelastic  experiments.  Therefore, 
the  simulated  isochromatics  obtained  from 
FEA  suggested  the  possibility  of 
application  in  the  prediction  of  the  intensity 
of  crack  closure. 

References 

1.  E.  Umezaki:  Prepr.  of  Jpn.  Soc.  Mech. 
Eng.,  (in  Japanese),  No.98-l,Vol.  II,  129 
(1998). 

2.  E.  Umezaki,  E.  Kawahara  and  H. 
Watanabe:  JSME  Int.  J.,  Series  C,  41(3), 
470  (1998). 

3.  E.  Umezaki:  Mater.  Sci.  Eng.:  A  285, 
363  (2000). 

4.  E.  Umezaki  and  T.  Ichikawa:  Trans. 
Materials  Research  Society  of  Japan,  26(1), 
179  (2001). 

5.  in  Catalog  of  Furukawa  NT  Alloy, 
Furukawa  Electric  Co.,  Ltd. 

6.  E.  Umezaki,  Y.  Nanka  and  H.  Watanabe: 
Proc.  of  International  Conference  on 
Material  Engineering,  Lecce,  Italy,  267 
(1996). 


856 


Proceedings  of  7lh  Japan  International  SAMPE 
Symposium  §  Exhibition,  Nov.  13-16,  2001 


Numerical  Prediction  of  Permeability  Tensor  for  Sheared 
Woven  Fabric  by  Asymptotic  Homogenization  Theory 

Naoki  Takano  1,  Masaru  Zako  1  and  Toru  Okazaki  1 

1  Department  of  Manufacturing  Science,  Graduate  School  of  Engineering,  Osaka  University 
2-1  Yamada-oka,  Suita,  565-0871  Osaka,  JAPAN, 

E-mail:  takano@mapse.eng.osaka-u.ac.jp 


Abstract 

The  permeability  is  a  key  parameter 
in  the  RTM  process  simulation.  This  paper 
presents  a  novel  computational  method  to 
predict  the  three-dimensional  permeability 
tensor  using  the  asymptotic  homogenization 
theory.  The  prediction  is  based  on  the 
microstructure  of  the  composite  materials.  In 
this  paper,  the  sheared  woven  fabric  after 
draping  or  performing  is  studied.  The 
non-diagonal  term  in  the  permeability  tensor 
can  be  easily  estimated  by  the  proposed 
method.  Furthermore,  the  microscopic  flow 
field  can  be  analyzed  as  well  as  the 
macroscopic  permeability  tensor.  The 
microscopic  flow  field  includes  important 
information  rather  than  the  permeability 
tensor  which  is  the  averaged  values. 

Key  Words:  Permeability,  RTM,  Numerical 
analysis,  Homogenization  theory 

Introduction 

Resin  transfer  molding  (RTM)  has 
been  a  matter  of  concern  in  the  last  decade  in 
the  research  works  of  cost-effective  and 
affordable  polymer  matrix  composle 
materials.  We  can  find  many  studies  on  the 
numerical  simulation  of  the  RTM  process, 
some  of  which  includes  also  performing  or 
draping  process  simulation.  Most  of  the 
current  RTM  simulation  is  based  on  the 
Darcy’s  law.  It  describes  the  flow  velocity  of 


the  viscous  fluid  in  a  porous  media.  The 
Darcy’s  law  says  the  velocity  is  proportional 
to  the  pressure  gradient,  and  is  in  inverse 
proportion  to  the  viscosity  ratio.  A 
coefficient  is  also  used,  which  is  called  the 
permeability  tensor.  This  is  a  second  order 
tensor. 

For  the  RTM  simulation,  the 
permeability  tensor  must  be  determined  by 
preliminary  experiment.  Some  papers  report 
that  a  difficulty  lies  in  the  measurement  of 
permeability  tensor  accurately.  The 
convenient  prediction  rules  exist  only  for  the 
uni-directional  fiber  reinforced  composites. 
Especially,  the  permeability  tensor  for  the 
sheared  woven  fabrics  in  the  draping  or 
performing  process  is  very  hard  to  be 
measured.  This  is  mainly  because  the 
non-diagonal  term  appears  in  the 
permeability  tensor  due  la  the  loss  of 
orthogonality. 

In  order  to  predict  numerically  the 
permeability  tensor  for  arbitrary  reinforcing 
architecture,  we  propose  a  multi-scale 
analysis  by  the  asymptotic  homogenization 
theory.  The  original  formulation  of  this 
theory  for  a  solid-fluid  mixture  was 
presented  by  Terada  et  al.  [1].  The  authors 
[2-4]  have  applied  it  to  the  prediction  of  the 
permeability  tensor  for  uni-directional  fiber 
reinforced  composites  and  textile  composites. 
The  accuracy  was  validated  for 
uni-directional  fiber  reinfcrced  composites 
by  comparison  with  the  conventional 
prediction  rules  [4]. 
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In  this  paper,  the  multi-scale 
computational  method  by  the 
homogenization  theory  is  applied  to  the 
prediction  and  evaluation  of  the  permeability 
of  sheared  woven  fabric.  The  description  of 
the  formulation  is  omitted  in  this  paper;  sec 
Rcfs.[l-3], 

Microstructure-based  RTM  process 
simulation 

The  proposed  multi-scale  analysis  is 
based  on  the  microstructural  information. 
Because  the  Darcy’s  law  describes  the 
macroscopic  behavior,  the  permeability 
tensor  is  derived  by  the  homogenization 
theory  as  the  volumetric  average  of  the 
microscopic  and  characteristic  flow  velocity 
in  the  unit  microstructure.  The  outline  of  the 
microstructurc-bascd  RTM  process 
simulation  using  the  homogenization  heory 
is  illustrated  in  Fig.  1.  Sec  [3]  for  more  detail. 

(j*reforndr^  simulation) 


Mierostructiire  model 


Homogcni; 

7'' 

ration  theory  for  solid-fluid  inixtui 

D—-i-'>W‘d>’„ry  W„<fy  VW, 
dy,  dyt  J  ' 

Characteristic  function 

Averaging  J  Permeability] 

associated  with 

*.-(<•)  L™ _ 1 

fluid  velocity 

C Conventional  macroscopic- 
RTM  process  simulation^. 

Macroscopic  pressure  gradient  ^ 

I  Microscopic  flow  ficlcj 


Fig.l  Outline  of  the  microstructure-based 
RTM  process  simulation. 

Prediction  of  Permeability  Tensor  for 
Sheared  Woven  Fabric 


In  this  paper,  plain  woven  fabric 


reinforced  composite  material  isstudied.  We 
assume  that  the  warp  yarn  and  the  weft  yarn 
arc  the  same  as  shown  in  Fig.  2(a).  It  is  a  unit 
microstructure  model  dcscrctizcd  by  finite 
elements.  We  assume  that  this  woven  fabric 
is  sheared  as  shown  in  Fig.  2(b).  The  volume 
fraction  and  the  cross-sectional  area  of  the 
yarn  are  assumed  to  be  same  between 
undeformed  and  sheared  fabrics. 


(a)  Undcformed  plain  woven  fabric 


(b)  Sheared  fabric 

Fig.  2  Unit  microstructure  models  of 
undcformed  and  sheared  fabrics. 


The  calculated  permeability  tensor  is 
shown  in  Eqn.  1  for  the  undcformed  fabric 
and  in  Eqn.  2  for  the  sheared  fabric.  The 
viscosity  ratio  of  resin  is  assumed  to  be 
10'1  Pa-s. 

2.77  x10  s  0  0 

2.77x10  s  0  (m2/Pa  s) 
sym.  7.82  x10  s 

(1) 

2.41x10  s  8.51x10"  0 

3.39x10  s  0  (m2/Pa  s) 
sym.  6.96x10  s 

(2) 

The  in-plane  isotropic  permeability  tensor 
was  obtained  for  the  undeformed  plain 
woven  fabric.  For  the  sheared  fabric,  the 
non-diagonal  term  was  predicted  using  the 


same  numerical  algorithm. 

Once  the  permeability  tensor  is 
known,  we  can  predict  the  flow 
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characteristics  from  macroscopic  point  of 
view.  Moreover,  the  proposed  multi-scale 
method  provides  us  microscopic  flow  field 
under  a  given  macroscopic  pressure  gradient 
condition  as  shown  in  Fig.  1. 

Microscopic  Evaluation  of  Permeability 
Characteristics 


The  evaluation  of  the  microscopic 
flow  field  is  available  using  the  proposed 
multi-scale  method.  In  this  study,  the 
following  four  cases  of  the  typical 
macroscopic  conditions  with  respect  to  the 
pressure  gradient  are  supposed. 

Case  1:  — -1,  -^-^-0 
3*j  dx2  dx3 


Case  2:  ™  =  — =  ^ 


dP 

dxI 

dP 

dx. 


dP 

dx- 


J_  dP_ 
V2’  3*3 
dP__S 

dx ,  2 


=  0 


dP 


Case  3:  —  =  — ,  —  =  2^  =  0 


dx- 


Case  4:  —  =  0, 
dxl 


-^  =  1,  ^  =  0 
3*,  dx- 


Then,  the  microscopic  flow  velocity  can  be 
defined  as  shown  in  Fig.  1.  We  can 
understand  well  the  microscopic  flow  field  in 
the  unit  microstructure  using  the  commercial 
graphics  tool  [3].  In  our  previous  report  [3], 
we  proposed  a  histogram  display  of  the 
microscopic  flow  field.  We  have  shown  the 
effects  of  the  woven  architecture  on  the 
macroscopic  permeability  and  the 
microscopic  flow  field  can  be  well  evaluated 
by  the  histogram  display. 

In  this  paper,  we  show  that  the 
microscopic  flow  front  can  be  predicted 
using  the  particle  trace  display.  An  exampfe 
of  the  particle  trace  animation  is  shown  in  Fig. 
3  for  the  undeformed  fabric  under  the 
condition  case  2.  We  finally  obtained  the 
microscopic  flow  front  as  shown  in  Figs.  4 
and  5  for  the  undeformed  and  sheared  fabrics, 
respectively. 


Conclusion 

The  multi-scale  computational 
method  can  predict  both  the  macroscopic 


Fig.  3  Particle  trace  display  of 
microscopic  flow  Held. 

permeability  tensor  and  the  microscopic  flow 
field.  There  is  no  way  at  this  moment  to 
measure  such  microscopic  flow  behaviors, 
whilst  the  proposed  method  can  easily 
calculate  all  possible  quantities  from  both 
macroscopic  and  microscopic  standpoints  for 
arbitrary  reinforcing  architecture. 
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Fig.  4  Microscopic  flow  front  for 
undcformed  fabric  for  cases  1  to  4. 


Fig.  5  Microscopic  flow  front  for  sheared 
fabric  for  cases  1  to  4. 
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Abstract 

A  cooperation  procedure  to  bridge  the 
gap  between  atomistic  and  mesoscopic 
simulation  is  presented.  The  Flory-Huggins 
^-parameters  for  coarse-grained  model  in  a 
mesoscopic  simulation  are  estimated  by  an 
atomistic  simulation,  calculating  the  energy 
of  mixing  for  each  pair  of  components. 
Mesoscopic  structures  of  binary  polymer 
blend  are  simulated  with  realistic 
^-parameters  by  using  the  dissipative  particle 
dynamics  (DPD).  This  bridging  method  from 
atomistic  to  mesoscopic  level  is  applied  to 
prediction  of  the  mesoscopic  structure  of 
hydrated  Nafion  membrane.  The  simulated 
structure  is  in  good  agreement  with 
experimental  reports.  For  a  reverse  bridging 
method  for  different  scale  simulations,  a 
molecular  structure  at  interface  is  extracted 
from  the  simulated  mesoscopic  structure  by 
mapping  to  the  concentration  profile  of  each 
component.  In  the  case  of  binary  polymer 
blend,  the  complicated  morphology  is 
successfully  generated  by  this  procedure. 

Key  Words:  Dissipative  Particle  Dynamics, 
Mesoscopic  Simulation,  Polymer  Blend, 
Polymer  Electrolyte  Membrane. 

Introduction 

An  atom-based  simulation  such  as 


molecular  dynamics  method  has  come  into 
wide  use  for  materials  design.  However,  we 
are  often  in  face  of  difficulty  on  the 
cooperation  over  wide  range  of  dominant 
time-  and  length-scale  for  the  system. 
Although  a  possible  molecular  structure  can 
be  simulated  by  the  atom-based  simulation,  it 
is  less  realistic  to  predict  mesoscopic 
structure,  for  example  morphology  of 
polymer  blend  and  composite,  which  often 
dominates  an  actual  material  property.  It  is 
therefore  inevitable  to  adopt  a  mesoscopic 
simulation  technique  such  as  the  dissipative 
particle  dynamics  (DPD)  for  an  effective 
materials  design  [1].  In  this  study,  we  present 
an  idea  for  bridging  the  gap  between 
atomistic  and  mesoscopic  simulation,  namely 
^-parameter  between  two  components  in 
DPD  model  is  estimated  through  the 
atomistic  simulation  [2],  and  then  an 
atom-based  model  is  extracted  from  a  density 
profile  of  DPD  results  by  using  Monte  Carlo 
technique.  We  demonstrate  a  series  of  this 
procedure  for  immiscible  polymer  blend 
system. 

Method 

In  a  mesoscopic  simulation,  a 
coarse-grained  molecular  model  is  used  for 
studying  the  morphology  of  inhomogeneous 
materials  with  the  Flory-Huggins 
^-parameter  between  models.  It  is  a  one  way 
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to  bridge  from  atomistic  to  mesoscopic 
simulation  that  ^-parameter  is  estimated  by 
an  atomistic  simulation.  And,  extracting 
molecular  model  at  an  interface  based  on  the 
concentration  profile  in  mesoscopic 
simulation  is  a  way  of  bridging  in  opposite 
direction.  This  cooperation  procedure  is 
shown  in  Fig.l  and  is  described  in  following 
sections. 


Coarse-Grained  Molecular  Model 
/-Parameter  for  Mesoscopic  Model 


Fig.l  Conceptual  Illustration  of 
Cooperation  between  Atomistic  and 
Mesoscopic  Simulations 


From  Atomistic  to  Mesoscopic  Simulation 
The  dissipative  particle  dynamics  (DPD)  is 
one  of  mesoscopic  simulation  methods  and  is 
based  on  the  dynamics  of  coarse-grained 
particles  interacting  by  conservative, 
dissipative,  random  forces,  and  spring  force 
for  polymer  system  [I ]. 

f.=Ife'+r."+r«+F^)  (>> 

J*i 

The  repulsion  parameters  between  particles 
in  the  conservative  forces  arc  related  to  the 
^-parameters,  which  can  be  calculated  from 
the  energy  of  mixing  A£mix  by  an  atomistic 
simulation  [2], 


X  = 


(2) 


and  their  blends,  calculated  from  the 
cohesive  energy  £COh  per  a  volume  Vby  using 
molecular  mechanics  (MM)  and  molecular 
dynamics  (MD)  techniques. 

Mesoscopic  structure  is  simulated  by  DPD 
with  realistic  j-parameters  in  cooperating  an 
atomistic  simulation. 

Molecular  Modeling  from  Meso-Structure 
According  to  the  simulated  mesoscopic 
structure  by  DPD,  a  molecular  structure  is 
generated  by  Monte  Carlo  technique  (Fig.2). 
This  procedure  is  as  follows: 

1.  Consider  the  concentration  profile  <f>  for 
the  specific  composition. 

2.  Generate  an  atom  of  desired  molecule  at 
a  random  position. 

3.  Acceptance  or  rejection  for  adoption  of 
the  generated  atom  is  decided  based  on 
the  concentration  profile  of  the 
composition. 

4.  By  repeating  3  and  4  for  connecting 
atoms  to  the  latest  accepted  one, 
molecular  structure  is  generated. 

5.  The  above  operation  is  continued  until 
the  concentration  of  the  specific 
component  reach  the  desired  one. 


where  Kseg  is  the  volume  of  one  polymer 
segment  corresponding  to  the  particles  size  in 
DPD.  A£mix  is  defined  by  the  cohesive 
energy  densities  £c ^!V  for  pure  components 


Fig.2  Mapping  Molecular  Structure  Based 
on  Concentration  Profile  of  Mesoscopic 
Structure 
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Applications 

Mesoscopic  Simulation 
We  demonstrate  DPD  simulation  coupling 
with  realistic  /-parameters  for  binary 
polymer  blend  of  (a)PE-PP,  (b)PE-PS,  and 
(c)PP-PS.  The  estimated  /-parameters  for 
these  mixtures  by  atomistic  simulations  are 
listed  in  Table  1.  It  is  predictable  that 
miscibility  is  in  (a)>(c)>(b)  order.  Figure  3 
shows  concentration  profiles  of  each  polymer 
for  these  mixtures  by  DPD  simulation.  It  is 
recognized  that  thickness  of  interface  is  well 
corresponding  to  this  miscibility  order. 

Table  1  /-Parameter  of  Binary  Blend 

Mixture  PE-PP  PE-PS  PP-PS 

/-Parameter  0.09  0.71  0.21 
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Fig.3  Concentration  Profiles  at  Interface 
of  Binary  Polymer  Blend 

For  more  practical  application  of  this 
procedure,  the  mesoscopic  structure  of 
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hydrated  Nafion  membrane  is  simulated. 
Nafion  is  perfluorinated  sulfonic  acid 
membrane  and  is  used  in  the  polymer 
electrolyte  fuel  cell  [3].  There  are  some 
models  for  structure  of  membrane,  however, 
which  are  still  under  discussion. 
Coarse-grained  Nafion  model  is  constructed 
and  /-parameters  of  them  are  calculated. 
DPD  simulation  reveals  the  sponge-like 
structure  as  shown  in  Fig.4.  Water  particles 
and  hydrophilic  particles  of  Nafion  side 
chain  form  aggregates  or  clusters  and  are 
embedded  in  the  hydrophobic  phase  of 
Nafion  backbone.  Magnitudes  of  water 
clusters  and  their  dependence  on  the  water 
content  are  in  good  agreement  with 
experimental  reports.  Although  this 
sponge-like  structure  is  essentially  identical 
to  the  cluster-network  model  based  on 
experimental  studies,  the  shape  of  water 
clusters  is  not  spherical  but  irregular,  and  the 
water  regions  are  indistinguishable  structures 
of  water  clusters  and  their  channels. 


Nafion 


water 


Fig.4  Sponge-like  Structure  of  Hydrated 
Nafion  Membrane 

Molecular  Modeling 

Molecular  structure  is  generated  by  Monte 
Carlo  technique  based  on  the  concentration 
profile  at  the  interface  for  binary  polymer 
blends  discussed  in  previous  section  (Fig.3). 
Figure  5  shows  carbon  atoms  of  each 
polymer  backbone  and  their  connected  bonds. 
Molecular  structures  are  successfully 
obtained  by  this  procedure. 
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(a)  PE-PP 


(a)  Mesoscopic  Structure 


Fig.5  Molecular  structure  at  Interface  of 
Binary  Polymer  Blend  Based  on 
Mesoscopic  Structure  in  Fig.3 

Then,  we  applied  this  procedure  to 
the  complicated  morphology  of  binary 
polymer  blend  as  shown  in  Fig.6.  In  this 
system,  a  generated  atomistic  structure  is 
well  corresponding  to  the  density  profile  of 
mesoscopic  structure.  By  using  this  atomistic 
model,  we  can  perform  a  molecular  dynamics 
simulation  to  study  more  realistic  material 
properties  such  as  gas  diffusion  at  the 
interface. 

Conclusions 

We  propose  a  cooperation  procedure 
to  bridge  the  gap  between  atomistic  and 
mesoscopic  simulation,  and  demonstrate  it 
for  binary  polymer  blends  in  successful.  For 
an  application  of  the  bridging  method  from 
atomistic  to  mesoscopic  level,  the 
mesoscopic  structure  of  hydrated  Nafion 
membrane  is  simulated  by  DPD  with  realistic 
^-parameters.  The  predicted  structure  of 


Fig.6  Atomistic  Modeling  of  Complicated 
Morphology  of  Binary  Polymer  Mixture 

membrane  is  in  good  agreement  with  the 
experimental  reports.  For  a  bridging  method 
for  different  scales  in  an  opposite  direction, 
the  mapping  of  molecular  structure  is  applied 
to  the  complicated  interface  of  binary 
polymer  blend,  and  the  molecular  structure  is 
successfully  generated. 
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Abstract 

For  the  development  of  functional 
materials,  the  design  and  control  of  their 
microstructures  will  be  an  essential  technique. 
Hence,  the  authors  have  developed  a 
practical  CAE  (Computer-Aided 
Engineering)  tool  to  study  the  relation 
between  the  microstructures  and  the 
macroscopic  properties  using  the 
mathematical  homogenization  method.  The 
CAE  tool  includes  the  three-dimensional 
image-based  modelling  capability  to  reduce 
the  cost  for  the  modelling  of  very  complex 
microstructures. 

This  paper  presents  the  outline  of  the 
developed  CAE  tool  and  an  application  to  a 
real  porous  ceramics  with  needle-like 
random  pores.  The  numerically  predicted 
elastic  constants  were  compared  with  the 
measured  values,  and  very  good  coincidence 
was  obtained. 

Key  Words:  Microstructure,  Numerical 
analysis  Homogenization  Method,  Porous 
ceramics 

Introduction 

In  the  field  of  computational 
mechanics  in  the  last  decade,  we  can  find 
many  studies  on  the  multi-scale  numerical 
analysis  for  various  composite  materials 


considering  their  microscopic  heterogeneity. 
The  mathematical  homogenization  method 
based  on  the  asymptotic  expansion  method 
has  been  applied  to  the  micro-macro  coupled 
stress  analysis,  el asto- plastic  analysis,  large 
deformation  analysis  and  buckling  analysis 
of  PMCs  and  MMCs  [1-3]. 

In  this  paper,  the  homogenization 
method  is  applied  to  the  microscopic  stress 
analysis  of  porous  ceramics  with  needlelike 
random  pores.  Three-dimensional 
image-based  modelling  technique  is 
employed  which  provides  the  voxel  element 
model  semi-automatically.  The  homogenized 
macroscopic  elastic  constants  were 
calculated  and  compared  with  the 
experimental  result.  The  microscopic  stress 
was  predicted  under  four-point  bending 
condition. 

Development  of  Multi-scale  CAE  Tool 

Image-based  modelling 

Because  the  microstructure  of  real 
materials  are  very  complex,  an  automatic  or 
semi-automatic  mesh  generator  is  essential 
for  the  development  of  a  practical  CAE  tool. 
Hence,  the  three-dimensional  imagebased 
modelling  technique  is  employed.  It  has  been 
applied  to,  for  instance,  the  modelling  of 
porous  architecture  of  human  bone  [4].  The 
outline  of  the  image^based  modelling  used  in 
this  study  is  illustrated  in  Fig.l.  Because  very 
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Fig.l  The  outline  of  three-dimensional 
image-based  modelling. 


high  resolution  was  required  to  express  the 
complex  microstructurcs,  the  specimen  were 
polished  precisely  by  every  2.(jUm,  but  the 
CT  scan  was  not  used.  The  cross-sectional 
view  was  obtained  by  CCD  camera,  which 
was  transformed  automatically  into  the  voxel 
finite  element  mesh. 

Homogenization  method 

The  homogenization  method  is  one  of 
the  applied  mathematical  theory  for  the 
multi-scale  analysis  of  various 
heterogeneous  materials.  It  has  both  the 
homogenization  capability  and  the 
localization  capability.  The  former  enables 
us  to  calculate  the  homogenized  macroscopic 
properties  based  on  the  microstructure 
considering  the  constituents’  properties  and 
the  microscopic  geometrical  information. 
Based  on  the  assumption  of  the  periodicity  of 
the  microstructures,  a  unit  cell  is  used  that 
represent  the  microscopic  heterogeneity.  The 
localization  capability  enables  us  to  calculate 
the  microscopic  quantities  such  as  stresses 
and  strains  as  well  as  the  macroscopic 
quantities. 

Because  a  large-scale  problem  has  to 
be  solved  to  express  the  complex 


microstructure,  the  developed  CAE  tool  can 
solve  approximately  two  million  finite 
elements  model.  Please  refer  [3]  for  more 
detail. 


Image-based  Modelling  and 
Homogenization  of  Porous  Alumina 

A  porous  alumina  with  needle-like 
pores  was  studied.  Two  types  of  specimen 
were  prepared.  The  one  has  approximately 
3%  porosity  ratio,  and  another  has 
approximately  23%  porosity  ratio.  Fig.2 
shows  the  image-based  model  of  the  whole 
polished  region,  i.c.,  800x800x1 00pm.  The 
size  of  each  voxel  cubic  finite  element  is 
2pm. 

We  first  studied  on  the  extraction  of  a 
unit  cell  model  from  the  whole  model  in 
Fig.2,  so  that  the  extracted  unit  cell  can  well 
represent  the  heterogeneity  in  random  porous 
alumina. 

Fig.  3  shows  two  unit  cell  models 
with  280x280x100pm  volume  and  980000 
elements.  Two  unit  cell  models  were 
extracted  from  different  location.  The 
homogenized  elastic  constants  were 
calculated.  A  slight  orthotropy  was  found, 
which  is  due  to  the  manufacturing  process  of 
this  porous  alumina.  The  calculated  elastic 
constants  by  two  unit  cell  models  were  in 
very  good  agreement.  The  Young’s  modulus 
in  the  lsl  and  2nd  directions  was  approxi- 


Fig.2  Porous  alumina  with  3%  porosity 
ratio  expressed  by  voxel  element 
model  (800x800x100pm). 
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(b)  Unit  cell  model  B 

Fig.  3  Unit  cell  models  with  one  million 
elements  extracted  from  different  location 
(280x280x100 jim). 

mately  379  GPa,  and  that  in  the  3rd  direction 
was  approximately  365  GPa,  while  the 
alumina’s  Young’s  modulus  is  405  GPa.  The 
measurement  of  Young’s  modulus  and 
Poisson’s  ratio  was  conducted  only  in  the  3rd 
direction,  because  the  orthotropy  was  not 
predicted  before  calculation.  The  measured 
Young’s  modulus  in  the  3rd  direction  was  366 
GPa,  which  agrees  quite  well  with  the 
numerical  prediction.  The  Poisson’s  ratio 
was  0.232  by  both  numerical  prediction  and 
measurement.  This  result  tells  us  more  than 
one  million  elements  model  with  ^im 
resolution  is  enough  to  represent  the 
microscopic  heterogeneity  and  to  predict  the 
homogenized  macroscopic  properties 
regardless  of  the  location  of  the  unit  cell 
model  for  random  microstructure 
architecture. 


Fig.4  Unit  cell  model  with  two  million 
elements  (400x400x100pm). 

To  verify  this,  two  million  elements 
model  with  400x400x100pm  volume  was 
studied  next  as  shown  in  Fig.4.  The 
calculated  elastic  constants  agreed  very  well 
with  the  previous  calculation. 

Once  the  strategy  to  determine  the 
unit  cell  model  is  found,  we  can  apply  our 
calculation  to  various  materials.  Fig.  5  shows 
the  unit  cell  model  of  similar  porous  alumina 
with  approximately  23%  porosity  ratio.  In 
this  case,  the  homogenized  property  was 
recognized  in  the  matrix  or  tensor  form. 


Fig.  5  Unit  cell  model  of  porous  alumina 
with  23%  porosity  ratio  (280x280x100pm, 
980000  elements). 
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Micro-  and  Macroscopic  Stresses  under 
Four-point  Bending 

A  four-point  bending  test  was 
simulated  using  the  abovo-mentioned 
homogenized  properties.  Fig.  6  shows  the 
problem’s  setup.  Fig.  7  shows  the  calculated 
.macroscopic  stress  distribution.  In  Fig.8, 
tensile  longitudinal  stress  is  shown.  Due  to 
the  symmetry,  only  a  quarter  part  was 
analyzed.  The  calculated  macroscopic  stress 
was  in  good  coincident  with  the  classical 
beam  theory.  At  the  point  where  the 
maximum  macroscopic  stress  is  observed, 
the  microscopic  stress  in  the  unit  cell  was 
calculated.  Fig.  8  shows  an  example  of  the 
microscopic  stress  distribution  for  a  unit  cell 
model  of  porous  alumina  with  23%  porosity 
ratio.  We  can  find  that  the  maximum 
microscopic  stress  is  much  higher  han  the 
macroscopic  stress  due  to  the  stress 
concentration  along  the  nccdlo-like  pores. 


240N  240N 


Fig.  8  Microscopic  stress  distribution  in 
unit  cell  for  porous  alumina  with  23% 
porosity  ratio. 


Conclusions 

A  practical  multi-scale  CAE  tool  was 
developed,  and  was  applied  to  porous 
ceramics  with  very  complex  random 
microstructures.  The  numerically  predicted 
elastic  constants  was  in  very  good  agreement 
with  the  measured  values,  which  proves  the 
validity  and  the  reliability  of  the  developed 
tool. 
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Fig.  6  Four-point  bending  problem 


Fig.  7  Calculated  macroscopic  stress 
distribution  for  a  quarter  part  of  the 
four-point  bending  specimen. 
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Abstract 

The  external  load  is  transmitted  to  the 
cortical  bone  by  way  of  cancellous  bone 
and  the  stress  propagation  in  the  bone 
is  greatly  affected  by  the 
microstructure  of  the  bone.  So  the 
mechanism  of  stress  distribution 
process  in  the  bone  is  request  to 
organize  the  finite  element  division 
consisting  with  solid  phase  as  bone 
tissue  and  surrounding  liquid  phase  as 
marrow.  The  solid  and  liquid  tissue  are 


Fig.l  X-ray  image  of  bone 


modeled  by  two  independent  planes 
being  connected  by  imaginary 
elements  at  the  points  between  these 
two  planes.  It  is  expressed  minute 
debonding  fracture  at  an  imaginary 
element  working  between  beam 
elements  and  touching  of  liquid  phase 
under  impact  loading.  According  to  the 
assumptions,  the  related  shear  stress 
distributions  on  each  lateral  truss 
element  are  obtained  characteristic 
and  suggested  for  healing  operation 
method  on  fractured  cancellous  bone. 

1.  Introduction 

It  is  considered  recently  an  activity  to 
analyze  numerically  on  fracture  of 
cancellous  bone  in  tibial  plateau 
under  eccentric  dynamic  loading  being 
expressed  by  an  interpretation  under 
biomechanical  analysis.  The  lateral 
above  fracture  are  divided  into  three 
types-  so  type  1  is  split  fracture  type, 
type  II  is  split  depressed  fracture  type, 
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Fig.2  Schematic  diagram  of  living 
bone 


in  contrast,  the  isolated  depressed 
fracture  may  be  observed  in  old 
peoples.  The  difference  of  these 
populations  is  believed  to  depend  on 
the  rigidity  of  proximal  tibia  and  a 
little  effect  viscosity  of  mallow.  This 
study  is  designed  to  evaluate  stress 
wave  dispersion  under  impact  loading 
by  numerical  method  to  explain  the 
mechanism  of  lateral  tibial  plateau 
fracture. 

In  this  study,  the  numerical  model  of 
living  bone  is  proposed  to  simulate  the 
fracture  behavior  of  tibia  bone  under 


dynamic  compressive  loading. 
This  proposed  model  can 
express  the  transient  process 
of  stress  living  bone  due  to 
adopt  independent  model  of 
solid  tissue  and  liquid  tissue. 


Fig.3  Numerical  model  of  living  bone 


2.  Numerical  model  of  living 
bone 


type  III  is  isolated  depression.  Split 
fracture  type  is  most  common  in  young, 


Fig.4  Finite  element  mesh  of  target 
bone 


The  living  bone  can  be  divided  into  two 
different  phases  such  as  solid  tissue 
and  liquid  tissue.  The  combination  of 
these  phases  makes  complicated 
microstructure  of  bone.  The  living  bone 


Beam  element  Imaginary  element 


(Beam  element) 

Fig. 5  Numerical  model  of  imaginary 
element  in  target  bone 
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can  be  assumed  to  be  the  composite 
structure.  In  this  study,  the  numerical 
model  of  the  living  bone  is  developed 
by  assuming  the  internal  structure  of 
the  bone  as  composite  materials  with 
complicated  structure.  Fig.l  shows 
X-ray  photograph  of  tibia  bone  and 
Fig.2  is  schematic  diagram  of  the 
structure  of  the  tibia  bone.  At  center  of 
tibia  bone,  the  cancellous  bone  is 
allocated  to  absorb  the  external  load. 
And  the  cortical  bone  is  located  at 
surface  of  the  cancellous  bone.  This 
cortical  bone  transfer  external  load  to 
under  leg.  The  cancellous  bone  consists 
of  solid  tissue  and  liquid  tissue.  The 
structure  of  cancellous  bone  decides 
the  transfer  mechanism  of  the  external 
load  and  the  fracture  mechanism  of  the 
tibia  bone.  So  the  model  of  cancellous 
bone  is  key  technology  to  simulate  the 
fracture  mechanism  of  living  bone. 

Fig.  3  shows  numerical  model  of 
cancellous  bone.  The  component  of  the 
cancellous  bone  is  modeled 
independently.  So 


the  solid  tissue  is 


Time  =  0.3763  (  ms ) 


expressed  by  the 
beam  element  and 
the  liquid  tissue  is 
modeled  by  the 
plane  triangular 
element. 

Honeycomb  shaped 
finite  element 
mesh  expressing 


4.  Results  and  Discussions 
The  proposed  model  has  two 
independent  sub  models  such  as  solid 
tissue  and  liquid  tissue.  To  control  the 
combination  of  the  material  constants 
of  these  two  sub  models,  various  state 
of  bone  can  be  expressed  such  as 
younger  or  older  people’s  bones.  Fig.6 
shows  stress  distribution  state  at  early 
stage  in  three  type  of  combination  of 
the  material  constant.  In  these  result, 
type  A  express  young  bone  and  type 
B,C  is  correspond  to  older  people  bone 
by  changing  the  combination  of 
material  constant  of  solid  and  liquid 
tissue.  It  is  considered  dividing  two 
phases  that  stress  wave  propagated 
horizontally  to  subchondral  region 
about  0.4ms  after  loading  by  the 
results  assuming  imaginary  elements 
as  shown  in  Fig.6“A.  Following  this, 
the  stress  wave  propagates  vertically 
to  the  lateral  cortical  shell  with  time. 
The  behaviours  are  shown  in  Fig.6  for 
young  and  old  people  and  the  results 


solid  and  liquid  CaseA  CaseB  CaseC 

phases  as  shown  in  Fig.6  The  result  of  stress  wave  dispersion  in  proximal  tibia 

Fig.4 


obtained  under  imaginary  element 
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Timo.  0.5376  (ms) 

analysis.  The 

deference  of  stress 

distribution  is  not 
observed  in  all  type 
of  bone.  The  stress 

dispersion  processes 
with  bone  fracture  are 
also  obtained  by  using 
imaginary  element 
model  as  shown  in  Case  A  Case  B  Case  C 

Fig.7.  In  the  case  of  Fig.7  The  result  of  stress  wave  dispersion  in  proximal  with  bone 
30%  reduction  of  fracture 

modulus  in  bone 

element  shown  as  old  people,  living  bone, 
perpendicular  high  stress  band  act  and 
expand  to  split  fracture  at  out  side 
domain  of  tibial  plateau,  that  is, 
depart  from  symmetrical  line  of 
cancellous  bone  as  shown  in  Fig.9-B. 

The  stress  distribution  in  obedience  to 
increase  of  viscosity  in  liquid  phase  is 
shown  in  Fig.9-C  showing  tendency  of 
generally  incremental  reduction. 

Furthermore,  the  shear  stress 
distributions  of  solid  tissue  can  be 

obtained  by  using  this  numerical  Fig. 8  Location  of  calculated  beam  element  of 

model  as  shown  in  Fig.  9.  These  shear  stress, 

distributions  are 

calculated  the  serial 

beam  element  located  on 
a  line  Al-  A18.  From  this  f 
result,  the  old  bone  have  | 

high  risk  to  occur  the  g 

split  fracture  of  ^ 
cancellous  bone.  By 
using  these  results,  this 
proposed  model  can  be 
decided  to  be  effective  for  pig.  9  sher  stress  distribution  of  solid  tissue  on  line  Al-  A18 
investigation  of  fracture 
process  in  various  type 
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Abstract 

In  this  paper,  some  latest  developments 
of  non-destructive  testing  (NDT)  techniques  , 
such  as  Laser-based  Ultrasonic,  Air-coupled 
Ultrasonic,  Lamb  waves.  Thermography, 
Laser-Shearography,  Industrial  CT, 
Real-Time  Imaging  of  X-Ray, 

Electromagnetism  and  Eddy  Current, 

applied  in  the  fields  of  composite  materials 
and  manufactures  are  introduced  briefly.  In 
succession,  author  indicates  that  the 
innovations  and  integrations  of  NDT 
technologies,  the  correct  characterization 
and  the  accurate  quantification  to  defects  by 
non-destructive  evaluation  (NDE)  means, 
and  standardization  of  NDT  methods  for 
advanced  composites  will  become  some 
very  interesting  and  magnetic  subjects  in 
the  future.  Besides,  the  reality  and 
representative  of  man-made  defects  will  also 
be  a  noticeable  problem  for  improvement  of 
NDT  technology. 

Key  Words:  Composite  Materials,  NDT, 
Development,  Tendency 

Introduction 

NDT  techniques  are  applied  in  every 
stage  of  developing  and  applicating  a 
production,  from  design,  research, 
manufacture  to  service  and  maintenance 
stage,  so  it  plays  an  active  and  important 


role  for  optimizing  the  designation, 
improving  the  performance,  decreasing  the 
cost,  ensuring  the  quality  and  prolonging  the 
life-span  of  the  production.  In  the  latest 
decades,  advanced  composite  materials  and 
processings  are  developed  rapidly. 
Composites  are  inhomogeneous  and 
anisotropic  materials,  and  composite 
components  are  usually  manufactured  by 
one-off  process.  This  brought  challenges  to 
the  NDT  of  composites  which  was  derived 
from  the  NDT  of  metallic  materials.  On  the 
other  hand,  those  challenges  stimulate  the 
rapid  development  of  the  new  NDT 
techniques  &  methods.  Especially  in  the 
latest  decade,  along  with  the  research  and 
application  of  composite  materials  and 
components,  some  new  progresses  have 
been  developed,  including  Laser-based 
Ultrasonic,  Air-coupled  Ultrasonic,  Lamb 
waves,  Thermography,  Laser-Shearography, 
Industrial  CT,  Real-Time  Imaging  of  X-Ray, 
Electromagnetism  and  Eddy  Current. 

The  New  progress  in  NDT  for  Composites 

Laser-based  Ultrasonic 

Laser-based  ultrasonic  (LBU)  is  such  a 
technique  that  one  laser  beam  is  transmitted 
to  the  surface  of  the  tested  object  to  generate 
ultrasonic,  and  another  laser  probe  is  used  to 
receive  and  detect  that  ultrasonic  signal. 
LBU  has  many  outstanding  advantages  over 
the  conventional  ultrasonic  system  in  some 
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aspects  as  follows: 

First,  effects  caused  by  curvature  or 
sloping  surface  could  be  ignored,  since  the 
minimum  size  of  the  interesing  flaw  of  the 
large  composite  structures  is  about  6 
12mm,  which  is  typically  104  times  larger 
than  the  optical  wavelength.  The  distance 
over  which  the  incident  laser  beam  will 
remain  approximately  the  same  diameter  is 
more  than  50m.  This  enormous  depth  of 
focus  means  that  changes  in  the  distance 
between  the  laser  and  the  surface  of  the  part 
caused  by  curvature  or  sloping  surfaces  will 
not  cause  a  change  in  the  laser  spot  size  and 
thus  will  not  affect  the  characteristics  of  the 
ultrasonic  beam  that  is  generated.  [1] 

Secondly,  it  is  not  necessary  to  use  the 
large  and  complicated  scan  equipment. 
When  the  ultrasonic  pulse-echo  C-scan  is 
employed,  the  system  have  to  be  consisted 
of  not  only  the  long  tracks  (often  up  to  10m) 
in  tow  directions  for  leading  transducer’s 
movement,  but  also  a  2-D  complicated 
framework  for  adjusting  transducer’s  pose, 
and  a  device  for  keeping  the  precise  distance 
from  the  transducer  to  the  object.  When  the 
C-scan  of  ultrasonic  through-transmission  is 
selected,  the  primary  requirements  for  the 
synchronous  movements  of  the  two 
transducers  and  their  relative  precise 
positions  make  the  system  much  more 
complicated.  When  LBU  is  used,  the  scan 
system  is  a  small  simple  device  that  only 
consists  of  two  optic  mirrors  to  rotate  in  two 
vertical  axes,  but  it  has  a  capacity  of  rapid 
scanning  over  a  large  area. 

Thirdly,  LBU  is  suitable  for 
complicated  forms.  There  are  a  lot  of 
complicated  shapes  of  stiffeners  in  the  “T” 
or  “  n  ”  shape  in  composite  components  and 
structures.  For  those  cornered  positions, 
conventional  ultrasonic  couldn’t  be 
performed  automatically  and  efficiently,  but 
LBU  could  do  it  easily  because  of  its 
non-touch,  non-couplant  and  small  focus. 

In  late  90’s,  LBU  techniques  were 
transformed  from  laboratory  to  industry. 


Typical  applications  were  developed  in  the 
large  composite  structures  in  the  field  of 
research,  fabrication  and  service,  such  as 
fuselage  planes,  rudder  skin  and  radome.[2] 

Air-coupled  Ultrasonic 

The  extremely  high  sound  attenuation 
of  the  composite  makes  ultrasonic 
inspection  with  2  to  10MHz  become  very 
difficult,  especially  for  high  thickness  and 
low  density  structures,  such  as  honeycombs 
and  foam  sandwiches.  There  are  two 
resolutions,  one  way  is  to  enhance  the  power 
of  transmitted  ultrasonic,  another  way  is  to 
decrease  the  inspecting  frequency.  When 
ultrasonic  frequency  is  reduced  to  tens  or 
hundreds  of  kilo-Hz,  the  attenuation  of 
ultrasonic  at  such  low  frequencies  in  air 
becomes  low'er  than  the  one  with  higher 
frequencies.  This  principle  is  used  to  make 
the  ultrasonic  instrument  with  higher  power 
which  works  at  low  frequencies  could  travel 
through  large  and  loose  composite 
components.  Therefore,  air-coupled 
ultrasonic,  without  touch,  couplant  and 
being  eroded  by  liquid,  is  becoming  very 
attractive  and  interesting  for  the  field 
inspection. 

With  the  increasing  of  the  thickness  to 
travel  through,  the  capacity  to  identify 
exiguous  differences  in  composite  becomes 
weak.  How  to  improve  the  capacity  of 
detecting  small  defects  is  the  key  techniques 
for  air-coupled  ultrasonic  inspection.  In 
latest  years,  a  great  deal  of  researches  are 
focused  on  the  structure  design  of 
transducers  and  the  methods  how  to  place 
the  transmitting  and  receiving  probe. 

Pertinent  researches  indicate  that,  for 
thermoset  carbon  composite  panel  at  1/4  in. 
thickness,  tested  with  400kHz  air-coupled 
and  focused  transducers,  a  Teflon  insert  of 
1/16  in.  in  diameter  could  not  be  found.  In 
the  case  that  tested  with  the  50  kHz 
air-coupled  and  flat  transducers,  when  the 
couple  of  transducers  are  arranged  in 
straight  through-transmission,  a  Teflon  insert 
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of  1/2  in.  in  diameter  could  not  be  found, 
when  the  couple  of  transducers  are  arranged 
in  displaced  through-transmission,  a  Teflon 
insert  of  3/8  in.  in  diameter  could  be  found. 
Air-coupled  ultrasonic  at  50  kHz  could 
penetrate  through  about  lOOmm-thick  foam 
block  and  find  the  delamination  in  it.  [3] 

Lamb  Waves 

Lamb  wave  is  one  kind  of  ultrasonic.  It 
is  composed  of  longitudinal  wave  and 
transverse  wave  in  special  condition,  and 
could  be  produced  in  composite  lamination. 
The  speciality  and  complexity  of  Lamb 
waves’  excitation,  vibration  and 
transmission  make  it  have  potential 
advantages  for  finding  out  the  porosity  and 
delamination  in  composite  lamination,  the 
disbond  and  unbond  between  the  scarfskin 
and  the  core. 

The  early  researches  in  the  field  of 
composite  materials  and  structures  were 
aimed  at  adhesive  structure  of  metallic  panel 
to  metallic  panel[4J.  Through  analyzing  the 
Lamb  waves’  signal,  the  thickness  and 
setting  state  of  adhesive  could  be  known. 
Increasing  the  space  between  transmitting 
and  receiving  transducers  by  taking 
advantage  of  the  character  of  the  Lamb 
waves  that  could  travel  a  long  distance,  the 
detecting  efficiency  could  be  obviously 
improved,  and  this  approach  is  applied 
wildly  at  the  stages  of  service  and 
maintainence  of  the  airplanes.  Recently,  the 
researches  of  leaky  Lamb  waves  (LLW) 
aiming  at  composite  laminates  are  an  active 
subject.  The  experimentations  indicate  that 
the  C-scan  technique  combined  with  LLW  is 
more  efficient  than  the  conventional  C-scan 
for  finding  out  dense  porosities  and 
quantitatively  evaluating  the  percentage  of 
the  porosities.[5] 

Thermography 

Thermography  could  be  used  to  inspect 
the  subsurface  disbonds  and  delaminations, 
damaged  cores  and  the  inclusions  of  foreign 


materials  through  detecting  local  differences 
in  either  heat  capacity  or  thermal 
conductivity  of  the  composite  materials  or 
structures.  This  method  has  outstanding 
character  of  high  speed  and  efficiency,  and 
is  mainly  used  to  inspect  the  large  scale 
composites  of  laminates  or  honeycomb 
structures.  The  use  of  square  pulse  heating 
could  provide  higher  signals  of  the  defects 
but  reduce  the  ability  to  resolve  the  details  in 
the  thermal  patterns.  The  flash  techniques 
are  faster  and  could  supply  more  details  of 
the  impact  damage  structures.  In  the  latest 
years,  a  plenty  of  researches  is  concentrated 
on  increasing  the  acquirable  depth  and  the 
measure  accuracy  of  the  defects,  and  some 
improvements  have  been  acquired. 

In  the  field  of  exploring  how  to  increase 
the  inspecting  depth,  one  researching 
approach  is  that  different  types  of 
excitations,  such  as  electrical,  sonic  and 
light  are  employed,  another  researching 
approach  is  that  the  phase  analysis  of  a  long 
pulse  with  different  evaluation  frequencies, 
such  as  0.3 1Hz,  0.12Hz  and  0.05Hz  are 
employed.  [6  j  An  algorithm  for 
quantitatively  analyzing  the  depth  of  defects 
is  studied.  Experimentation  indicates  that  the 
depth  determination  could  be  performed 
with  thermal  wave  imaging  by  analyzing  the 
temperature  variation  as  a  function  of  time 
over  the  defects.  [7] 

Laser-Shearography 

Laser-shearography  is  also  named 
Electronic-shearography.  This  method 
records  a  coherent  superposition  of  two 
laterally  displaced  images  of  the  surface  of 
the  sample  with  a  CCD  camera,  replacing 
the  panel  coated  with  special  chemical 
materials  in  laser  holography,  so 
laser-shearography  could  overcome  the  fatal 
shortage  that  laser-holography  is  extremely 
sensitive  to  environmental  influences 
(vibration).  This  creates  condition  for 
laser-shearography  that  could  be  applied  out 
of  the  laboratory. 
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Compared  with  laser-holography 
images,  primary  laser-shearographic  images 
are  always  very  noisy,  so  the  image 
processing  is  an  important  and  valuable  task. 
The  applications  of  phase  shifting  and/or 
special  filtering  techniques  can  significantly 
improve  the  image  quality  as  well  as  the 
defects  visibility. 

Laser-shearography  could  inspect  an 
area  up  to  10m2  at  one  time  when  pulse  laser 
is  used  and  proper  loading  technique  is 
exerted,  so  it  is  a  very  high  efficient  NDT 
method.  [8] 

Industrial  CT  &  Real-Time  Imaging  of 
X-Ray 

Ceramic  matrix  composites  (CMC)  are 
becoming  top-priority  materials  for 
manufacturing  heat  resistant  parts  of 
advanced  aircraft  engine.  In  order  to 
overcome  the  shortage  of  high  friability, 
some  ways  for  improving  toughness  through 
designing  and  manufacturing  various 
structures  of  CMC  are  used,  such  as  self¬ 
strengthening,  bionic  structure  and  so  on. 

Woven  SiC  matrix  composite  is  one 
kind  of  self-strengthening  composites.  There 
are  a  lot  of  large  porosities  or  voids 
distributing  in  woven  fibres.  In  the  light  of 
material  design,  the  size  of  single  void  less 
than  1mm  is  permitted  if  the  content  of 
porosities  is  below  10%.  To  the  very  loose 
composites,  neither  the  ultrasonic  with 
higher  frequency  nor  the  one  with  lower 
frequency,  could  be  successfully  applied. 
The  reasons  are  extremely  serious 
attenuation  for  high  frequency  sonic,  and  the 
low  resolving  ability  for  low  frequency 
sonic.  It  is  the  same  to  the  optical  methods, 
such  as  thermography  and 
laser-shareography.  Industrial  computed 
tomography  (ICT)  with  mini-focus  and  low 
energy  could  successfully  resolve  the  above 
problems.  According  to  the  relationship  that 
the  CT  values  of  image  elements  are  direct 
proportion  to  the  image  resources,  the  CT 
values  of  porosities  are  clear  difference  to 


the  fibers’,  so  ICT  could  measure  the  size 
and  content  of  the  voids  and  porosities  in 
this  kind  of  ceramic  matrix  composites  by 
analyzing  and  calculating  the  various  CT 
values  of  ICT  images.  Relative 
experimentations  give  the  results  of  five 
samples  with  6.6%,  7.2%,  12.4%,  15.7% 
and  8.0%  porosities. 

Laminated  SiC  matrix  composite  is  one 
kind  of  bionic  composites.  Real  time 
imaging  by  microfocus  X-ray  could 
effectively  minimize  the  geometric 
unsharpness  of  images  so  it  has  a  great 
capability  of  probing  micro  defects.  When  a 
lower  voltage  within  40  to  100  kV  and  a 
micro  current  within  70  to  100  pA  are 
selected,  this  real  time  imaging  techniques 
could  find  out  a  micro  crack  with  a  width  in 
14.7  pm  along  irradiating  direction,  a  mini 
void  or  inclusion  diameter  in  118  pm  and  a 
flake  of  monolayer  with  thickness  in  1 00  pm 
acrols  irradiating  direction  in  a  sample  with 
a  thickness  about  2mm. 

Electromagnetism  &  Eddy  Current 

Based  on  the  theory  of  electromagnetics 
that  the  magnitude  of  counterforce  to 
detecting  coil  caused  by  ferromagnet  arc 
inverse  proportion  to  the  square  number  of 
distance  between  them,  electromagnetic 
meter  could  measure  the  thickness  of 
non-ferromagnetic  coats,  including  a  great 
number  of  composites  layers  on 
ferromagnetic  materials,  but  the  maxima! 
range  of  current  advanced  electromagnetic 
meters  is  only  up  to  30mm  and  the 
ferromagnetic  matrixes  must  exist  under  the 
coats.  For  the  honeycomb  sandwich 
structure  with  the  thickness  in  40  to  80  mm, 
conventional  instruments  could  not  meet  the 
require.  EM-99  electromagnetic  meter  made 
in  BIAM  could  achieve  above  target  through 
inspired  with  a  large  coil  for  making  a  great 
electromagnetic  field  and  receiving  with  a 
small  coil  for  reducing  error  caused  by  the 
shape  of  composite  structure,  and  the 
precision  of  0.3mm  could  be  reached. 
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The  conductivity  of  graphite  provides 
the  possibility  for  eddy  current  testing.  An 
experimentation  presents  that  utilizing,  a 
special  structure  probe,  in  which  the 
inspiriting  and  testing  coils  arranged  across 
could  find  out  the  delamination  in  a  2mm 
CFRP  plate,  the  correlative  parameters  are 
the  frequency  in  the  100kHz  to  600kHz, 
magnitude  of  lift-off  at  0.1mm  and  a  proper 
phase.  [9] 

The  Developing  Tendency  of  NDT  for 
Composites 

The  diversification  of  NDT  Methods 

Compared  with  metallic  materials  and 
structures,  the  properties  of  inhomogeneous, 
anisotropic  and  special  manufacturing 
process  of  composite  materials  and 
structures,  especially  with  the  development 
of  new-style  and  low  cost  composites,  will 
make  NDT  show  its  diversified 
characteristics.  With  the  diversification  of 
NDT  Methods,  the  tendency  of  the 
intercross  and  combination  of  some  NDT 
methods  will  become  evident.  For  example, 
Lamb  waves  could  be  excitated  by  laser, 
Lamb  waves  could  achieve  high  speed 
inspection  in  the  way  of  one-side-testing 
with  air-couple. 

Although  the  developing  trend  of  NDT 
for  composites  presents  the  the  property  of 
diversification,  the  conventional  ultrasonic 
C-scan  in  the  type  of  pulse-echo  and 
through-transmission  will  still  maintain  the 
dominant  status  at  the  area  of  manufacture. 
Because  ultrasonic  multi-layer  C-scan, 
ultrasonic  velocity  C-scan  and  ICT  have  the 
capacity  of  identifying  microdefects,  these 
techniques  will  play  important  roles  in  the 
progress  of  material  research.  Aiming  at 
complex  and  inhomgeneous  composite 
components,  it  is  possible  that  ultrasonic 
phase  array  will  be  applied  successfully. 

The  qualitative  and  quantitative  evaluation 

Along  with  the  rapid  development  of 


digital  instrument  and  powerful  softwares 
for  image  processing  or  analyzing,  more 
abundant  and  accurate  information  of  the 
objects  in  testing  could  be  gained.  By  means 
of  effective  controls  to  interferential  signals 
and  correct  identification  to  the  proper 
parameters  of  interesting  signals,  such  as 
frequency  spectrum,  velocity,  magnitude  and 
phase,  it  will  be  easier  to  confirm  the 
character  of  defects.  By  means  of  the 
powerful  function  of  advanced  image 
analyzing  and  calculating  software,  the 
smaller  difference  will  be  caught,  so  the 
more  accurate  results  about  defect  size, 
position  and  so  on  could  be  measured  easily. 
By  means  of  3-D  imaging  technology,  the 
real  appearance  of  the  defects  could  be  more 
clearly  and  directly  revealed. 

The  standardization  of  NDT  techniques 
Classifying  and  comparing  all  NDT 
standards,  it  could  be  easily  found  out  that 
the  amounts  of  NDT  standards  for  the 
composite  materials  and  structures  is  far  less 
than  that  for  metallic  materials  and 
structures.  For  airplanes,  the  amounts  of 
composite  materials  in  advanced  civil  and 
military  plane  is  in  turn  15%  and  40-50%, 
but  the  amounts  of  NDT  standards  of 
composites  is  less  than  5%  of  the  total.  On 
one  hand,  it  is  caused  by  the  fact  that  the 
composite  is  a  new  material  compared  with 
metallic  materials,  and  the  NDT  techniques 
for  composites  is  still  immature.  On  the 
other  hand,  it  is  caused  by  the  character  and 
special  manufacturing  process  of  composites. 
Along  with  time  and  the  accumulation  of 
experiences  that  NDT  techniques  is  applied 
to  composites,  the  standardization  of  NDT 
techniques  for  composite  materials  and 
structures  would  be  developed  widely  and 
deeply. 

The  Manufacture  of  artificial  defects 

The  artificial  defects,  according  to 
standards  and  reports,  are  mostly  simulated 
by  Teflon  film.  This  method  is  somewhat 
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reasonable  because  most  composite 
components  are  fabricated  into  laminate 
structures,  including  skins  of  sandwich 
structures,  and  the  defects  that  are  the  most 
often  and  the  most  dangerous  for  the 
application  are  just  delamination,  disbond, 
unbond.  But  this  method  is  also  somewhat 
unreasonable.  Firstly,  the  effectiveness 
degree  and  typicality  of  artificial  defects  for 
natural  defects,  which  made  by  such  simple 
approach  that  places  Teflon  film  between  in 
layers  of  lamination,  or  between  in  skin  and 
core,  or  between  in  plate  and  plate,  is 
suspicious  and  disquisitive.  In  fact,  Teflon 
film  is  only  an  inclusion  foreign  materials 
but  not  air  in  delamination,  disbond  or 
unband.  Posteriorly,  this  way  neglects  and 
weakens  the  researches  aiming  to  other 
defects,  such  as  porosity,  rich  resin,  poor 
resin  and  crack. 

As  well  known,  quantificationally 
simulated  and  manufactured  defects  in  term 
of  predictive  designation  is  extremely 
difficult,  but  it  is  very  important  and 
nesscery  for  improving  research  level  and 
expanding  application  of  NDT  for 
composite  materials  and  structures  that 
efficiently  and  accurately  simulate  real 
defects  as  soon  as  possible. 

Conclusions 

With  the  expanding  appliacation,  the 
new  NDT  techniques  and  metheds  have 
acquired  rapid  development.  The 
standardization  of  NDT  techniques  and 
methods  will  promote  its  extensive 
development  and  application  in  composites 
field. 

The  development  of  NDT  for  composite 
materials  and  structures  will  present  a  more 
obvious  property  of  diversification  and 
syntheses  in  the  future.  The  ultrasonic 
method  will  still  maintain  dominant  status  in 
the  field  of  NDT  for  composites,  especially 
at  the  stage  of  manufacture.  The 
characteristics  of  optical  NDT  methods, 


such  as  fast  and  no  touch,  will  make  them 
act  as  a  more  and  more  important  role  out  of 
laboratory. 

It  is  an  important  way  to  develop 
artificial  defects  for  improving  the 
application  of  NDT  in  composites.  The 
superexcellent  functions  of  computer  and 
image  tool  softwares  will  provide  a  infinite 
assistance  for  correct  judging  and  accurate 
measuring  various  defects  in  composite 
materials  and  structures. 
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Abstract 

Several  X-ray  inspection  systems 
have  been  tested  for  detect  ability  of  fibers  in 
metal  matrix  composites  (MMC),  since  the 
location  of  fibers  in  MMC  is  important  to 
assure  the  integrity  of  MMC  components. 

Continuous  SiC  fiber  reinforced  Ti 
matrix  composites  were  inspected  by 
ordinary  X-ray  system,  micro-focus  X-ray 
system,  X-ray  CT  (Computerized 
Tomography)  system  and  micro-focus  X-ray 
CT  system.  Ordinary  X-ray  system  and 
micro-focus  X-ray  system  could  detect 
two-dimensional  images  of  fibers. 
Resolution  of  both  systems  was  determined 
by  using  a  monolayer  MMC.  Both  systems 
resolved  each  fiber.  X-ray  CT  and 
micro-focus  X-ray  CT  could  detect 
three-dimensional  images  of  fibers. 
Resolution  of  both  systems  was  determined 
by  using  a  multi  layer  MMC.  Micro-focus 
X-ray  CT  system  resolved  each  fiber,  but 
Ordinary  X-ray  CT  system  detected  only  a 
whole  image  of  fibers.  The  capabilities  and 
the  differences  between  each  system  for 
MMC  quality  assurance  are  also  discussed. 

Key  Words:  MMC,  Non  Destructive 
Inspection,  X-ray,  CT 


Introduction 

MMC  are  under  development  for 
aerospace  structural  application,  because  of 
their  high  specific  strength  and  stiffness.  In 
Research  Institute  of  Advanced  Material 
Gas-Generator,  Continuous  fiber  reinforced 
titanium  matrix  composites  are  developed  for 
a  turbine  rotor  and  blade.  [1],  [2]  Since  the 
rotor  and  blade  are  rotating  components,  the 
location  of  fibers  in  a  component  is  very 
important  to  keep  the  rotor  balance  and 
structural  strength. 

Experimental  Procedure  and  Results 

Three  types  of  specimens,  monolayer 
test  specimen  (Fig.l),  multilayer  test 
specimen  (Fig.2)  and  mini  multilayer  test 
specimen  (Fig.3)  were  used  in  this  study. 

Monolayer  test  specimen  was  utilized 
to  determine  the  resolution  of  x-ray 
radiography  system  and  micro  focus  X-ray 
radiography  system.  Single  fiber  images  can 
be  observed  in  this  specimen  without  fiber 
overlap. 

Multilayer  test  specimen  was  utilized 
to  study  the  actual  component  image.  The 
effect  of  fiber  overlap  can  be  observed  in  this 
specimen. 

Mini  multilayer  test  specimen  was 
used  only  for  micro  focus  X-ray  CT  system. 
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This  specimen  was  utilized  for  the  same 
purpose  as  Multilayer  test  specimen. 


Ti  Matrix 
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Fig.  1  Monolayer  Test  Specimen 


Fig.3  Mini  Multilayer  Test  Specimen 
X-ray  Radiography 

Ordinary  X-ray  radiography  system  was 
utilized  for  monolayer  and  multilayer 
specimen.  Ordinary  X-ray  tube  and  ordinary 
film  were  used. 

Monolayer  specimen  was  used  to  determine 
the  resolution  of  this  method.  Fig.4  shows  the 
separate  image  of  each  fibers. 


c  Fiber  Direction 


Fig.4  Monolayer  image  by  X-ray 
Radiography 
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Fig.  2  Multilayer  Test  Specimen 


41ayers  SiC  fiber  Ti  Matrix 


Multilayer  specimen  was  used  to  study  the 
difference  between  fiber  contained  area  and 
no  fiber  area.  Fig. 5  shows  the  clear  contrast 
of  each  area.  Fig.4  and  Fig. 5  show  the 
positive  image  of  film,  (high  density  area  is 
black,  low  density  area  is  white) 


Fig.5  Multilayer  image  by  X-ray 
Radiography 

Micro  Focus  X-ray  Radiography 
Fig.6  shows  the  principle  of  Micro  Focus 
X-ray  system.  It  shows  that  the  system  can 
obtain  magnified  images  of  target  with  small 
penumbra(ZlU  i>Z)U2). 


880 


Fig.  6  The  Principle  of  Micro  Focus  X-ray 
Radiography  [4] 


Fig.7  shows  the  image  obtained  by  the  Micro 
Focus  X-ray  Radiography  system.  More 
detail  image  of  fibers  can  be  seen,  compared 
with  Fig.4.  Fig.8  is  magnification  image  in 
the  same  view.  Even  fiber  breaking  point 
image  can  be  seen  in  Fig  8. 

Fig.7  and  Fig.8  show  the  positive  image  of 
film,  (high  density  area  is  black,  low  density 
area  is  white) 


Fig.8  Monolayer  magnification  image  by 
Micro  Focus  X-ray  Radiography 

X-ray  CT  ( Computed  Tomography) 

CT  systems  can  obtain  the  sectional  image  of 
components.  Fig.9  shows  the  evolution  of  CT 
scan  geometries. 


Fig.  9  Four  Sketches  Illustrating  the 
Evolution  of  CT  scan 
Geometries.  [3] 


The  third  generation  equipment  was  utilized 
in  this  study.  The  whole  image  of  fibers  in  Ti 
matrix  can  be  detected  for  longitudinal  and 
horizontal  section. 

Fig.  10  shows  the  negative  image  of  film, 
(high  density  area  is  white,  low  density  area 
is  black) 


(a)  Longitudinal  image 


(b)  Horizontal  image 


Fig.  10  Multilayer  section  image  by  X-ray 
CT 
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Micro  Focus  X-ray  CT 
Fig.  11  and  Fig.  12  show  the  cross  sectional 
image  of  the  Mini  Multilayer  Specimen.  The 
separate  image  of  each  fiber  can  be  seen  in 
Fig.l  1  and  Fig.  12. 

Fig.il  and  Fig.  12  show  the  negative  image 
of  film,  (high  density  area  is  white,  low 
density  area  is  black) 


Fig.l  1  Multilayer  section  image  by  micro 
focus  X-ray  CT 


Fig.12  Multilayer  section  magnification 


image  by  micro  focus  X-ray  CT 

Discussion 

Both  the  ordinary  X-ray  system  and 
the  micro  focus  X-ray  system  can  observe  the 
separate  image  of  each  fiber  for  monolayer 
test  specimen.  This  result  denotes  that  both 
systems  have  enough  resolution  to  detect 


fibers  in  MMC.  Since  the  whole  image  of 
fibers  is  detectable  by  these  X-ray  systems, 
the  fiber  location  in  actual  component  can  be 
detected. 

Three  dimensional  images  were 
obtained  by  X-ray  CT  system  and  micro 
focus  X-ray  CT  system.  Ordinary  X-ray  CT 
system  can  detect  whole  fibers  image,  but  it 
is  difficult  to  get  a  separate  image  of  each 
fibers.  The  micro  focus  X-ray  CT  system  can 
detect  each  fiber  location  image,  but  the 
system  can  only  be  used  for  small  specimen. 

Conclusions 

Experimental  results  of  several  X-ray 
methods  for  MMC  are  presented. 

X-ray  system  and  X-ray  CT  system 
can  be  utilized  in  usual  inspection  to  detect 
whole  fibers  image  to  determine  the  location 
of  fibers.  The  micro  focus  X-ray  systems  and 
the  micro  focus  X-ray  CT  system  can  detect 
more  detail  image  of  the  fibers,  but  it  is 
limited  to  small  specimen. 

A  good  fibers  location  detect  ability 
was  achieved  by  combining  these  X-ray 
methods. 
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Abstract 

Damage  and  electrical  resistance  change 
in  carbon  particle  dispersed  plastic  (CPDP)  and 
carbon  fiber  reinforced  plastic  (CFRP)  compos¬ 
ites  were  investigated  under  static  tension  and 
fatigue  tests.  For  CPDP,  the  electrical  resis¬ 
tance  almost  linearly  increased  with  increasing 
strain  during  loading,  and  the  residual  electri¬ 
cal  resistance  was  observed  even  after  remov¬ 
ing  load.  The  value  of  the  residual  electrical 
resistance  was  dependent  on  the  maximum 
strain  under  the  applied  stress.  Moreover,  the 
relationship  between  the  volume  fraction  of 
carbon  particle  and  the  electrical  resistivity  of 
CPDP  was  investigated  in  relation  to  the  per¬ 
colation  theory.  The  electrical  resistance 
change  under  applied  loading  could  be  esti¬ 
mated  approximately  using  a  simple  theoreti¬ 
cal  model.  Similarly,  the  relationship  between 
the  cumulative  damage  behavior  and  the  elec¬ 
trical  resistance  change  for  CFRP  was  also  char¬ 
acterized  under  fatigue  loading. 

Key  Words:  Carbon  Particle,  Carbon  Fiber, 
Damage,  Electrical  Resistance. 

Introduction 

The  electrical  resistance  method  is  expected 
to  be  effective  for  foreseeing  damage  and  pre¬ 
venting  fatal  fracture  of  composite  material 
structures.  Recently,  the  relationship  between 


mechanical  parameters  and  the  changes  in  elec¬ 
trical  resistance  of  CFRP  composite  has  been 
experimentally  demonstrated  [1-3].  Moreover, 
the  damage  detection  utilizing  the  percolation 
structure  of  conductive  particle  instead  of  car¬ 
bon  fiber  has  been  made[4],  but  this  study  was 
limited  to  the  qualitative  evaluation,  and  there 
exist  few  studies  on  the  mechanical  damage  and 
electrical  resistance  change  during  fatigue  of 
CFRP.  In  this  study,  the  relationship  between 
mechanical  behavior  and  the  change  of  electri¬ 
cal  resistance  for  CPDP  composite  was  evalu¬ 
ated  using  both  experimental  and  theoretical 
methods.  Moreover,  the  relationship  between 
the  cumulative  damage  behavior  and  the  elec¬ 
trical  resistance  change  for  CFRP  was  charac¬ 
terized  under  fatigue  loading. 

Experimental  Procedure 

The  materials  used  for  CPDP  were  the  con¬ 
ducting  carbon  particle  of  average  size  5pm  and 
an  insulting  epoxy  matrix  (Epikote  828).  Speci¬ 
mens  were  prepared  by  injecting  the  mixture 
of  carbon  particles  and  epoxy  resin  with  a  given 
proportion  into  the  mold  of  dumbbell  shape. 
The  electrodes  for  measuring  electrical  resis¬ 
tance  were  attached  on  the  opposite  surfaces, 
which  were  first  polished  to  remove  the  insu¬ 
lating  matrix  surface  layer,  within  the  gage 
length  of  specimen  using  silver  paste.  The  size 
of  CPDP  specimen  was  105  x  10  x  1mm3.  Ten¬ 
sile  tests  were  conducted  at  the  crosshead  speed 
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of  0.5mm/min.  A  constant  current  of  0. 1/iA 
was  applied  on  the  specimen,  and  the  changes 
in  electrical  resistance  under  loading  and  un¬ 
loading  were  measured  simultaneously  with 
stress  and  strain.  Microscopic  deformation  at 
specimen  surfaces  was  observed  using  a  po¬ 
larization  microscope  under  loading.  CFRP 
laminate  specimens  for  fatigue  test  were  pre¬ 
pared  using  T700S/2500  prepreg.  Stacking  se¬ 
quence  was  [±  25/±25/90]s.  The  size  of  speci¬ 
men  was  190  x  25  xl  .2mnP.  Copper  sheet  of 
100/im  was  inserted  between  each  GFRP  tab 
and  the  specimen  to  introduce  input  current  and 
to  measure  the  resistance.  Electrical  contact 
between  the  carbon  fibers  and  the  copper  sheet 
was  made  with  silver  paste.  Fatigue  tests  were 
performed  using  a  servo-hydraulic  testing  ma¬ 
chine.  The  tests  were  performed  in  tension- 
tension  loading  at  a  loading  frequency  of  5Hz 
and  stress  ratio  of  #=0.  l(minimun  stress/maxi¬ 
mum  stress).  The  stress  amplitude  ratio  (maxi¬ 
mum  stress/static  ultimate  strength)  was  0.4 
(about  280MPa).  A  constant  current  of  1  mA 
was  introduced  into  the  ends  of  CFRP  speci¬ 
men.  At  each  cyclic  interval  the  specimen  was 
unloaded  and  the  growth  of  edge  delamination 
was  inspected  by  soft  X-radiography. 

Results 

Static  Tensile  Test  Result  of  CPDP 
Figure  1  shows  the  electrical  resistance  change/ 
strain  and  stress/strain  curves  for  CPDP  with 
10vol.%  carbon  particle.  The  change  in  elec¬ 
trical  resistance  exhibited  nearly  linear  behav¬ 
ior  up  to  the  final  failure  of  specimen  with  in¬ 
creasing  strain.  Especially,  CPDP  indicated  the 
change  in  electrical  resistance  from  a  consid¬ 
erably  small  strain  level  compared  to  the  case 
of  CFRP  showing  electrical  resistance  change 
mainly  due  to  the  fracture  of  carbon  fibers  [  1  - 
3].  This  is  the  reason  why  the  percolation  struc¬ 
ture  formed  with  carbon  particles  shows  the 
sensitive  response  (i.e.,  the  change  of  conduc¬ 
tion  path)  against  applied  loading.  Figure  2 
shows  the  electrical  resistance  change/strain 
curve  for  CPDP  with  15vol.%  carbon  particle 
obtained  from  repeated  loading  and  unloading 
test.  It  was  seen  that  the  change  in  electrical 
resistance  was  left  after  unloading  at  a  relatively 
small  0.2%  strain  and  increases  with  increas¬ 
ing  strain.  This  means  that  the  CPDP  has  the 


Strain,  f  (%) 

Fig.l  Relations  of  AR/R0  vs.  e  and  a  vs.  efor 
CPDP  with  10  vol.%  Carbon  Particle 


Fig.  2  Relations  of  AR/R0  vs.  e  for  CPDP  with 
15  vol.%  Carbon  Particle 


ability  to  memorize  the  maximum  strain  ap¬ 
plied  in  the  past  as  a  residual  electrical  resis¬ 
tance.  This  change  in  electrical  resistance  un¬ 
der  applied  load  is  considered  to  be  caused  by 
the  rearrangement  of  carbon  particles  with  per¬ 
colation  structure  due  to  the  micro-deforma¬ 
tion  and  cracking  of  the  matrix.  Figure  3  shows 
a  polarization  micrograph  of  the  surface  of  the 
CPDP  specimen  with  0. 1  vol.%  carbon  particle. 


Fig.  3  Polarization  Micrograph  of  Specimen 
with  0.1  vol.%  Carbon  Particle 

The  plastic  deformation  of  matrix  surrounding 
carbon  particles  was  clearly  observed  as  indi¬ 
cated  by  arrows  in  this  figure.  Thus,  the  exist¬ 
ence  of  residual  electrical  resistance  as  de¬ 
scribed  above  is  considered  to  be  attributed  to 
this  plastic  deformation  of  matrix,  leading  to 
the  change  of  geometrical  arrangement  of  car 
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bon  particles  from  its  initial  state  (i.e.,  the 
change  of  conduction  path). 

Relationship  Between  Volume  Fraction  of 
Carbon  Particle  and  Resistivity  of  CPDP 
The  property  of  the  composite  system  com¬ 
posed  of  conductive  carbon  particle  dispersed 
in  insulting  polymer  are  explained  as  percola¬ 
tion  phenomena  i.e.,  when  the  amount  of  car¬ 
bon  particles  is  sufficiently  high,  the  compos¬ 
ite  transforms  from  an  insulator  to  a  conductor 
as  the  result  of  continuous  contacts  between  car¬ 
bon  particles  (i.e.,  percolation)  within  the  ma¬ 
trix.  Generally,  close  to  the  percolation  thresh¬ 
old,  the  concentration  dependence  of  resistiv¬ 
ity  in  a  conductor-insulator  composite  has  been 
well  expressed  with  the  percolation  theory. 

p(V)  =  A(V-Vcr  (1) 

where,  Vis  the  carbon  volume  fraction,  V  is 
the  critical  carbon  volume  fraction  required^ to 
form  a  continuous  conduction  path,  p(F)  is  the 
resistivity  at  the  carbon  volume  fraction,  and 
A  and  /“are  the  constants.  According  to  the  lit¬ 
erature  [5, 6],  /  was  found  to  exist  between  1 .65 
and  2.0  for  three  dimensional  systems.  Figure 
4  shows  the  variation  of  resistivity  with  vol¬ 
ume  fraction  of  5pm  carbon  particles.  It  is  seen 
that  the  resistivity  decrease  abruptly  when  the 
carbon  volume  fraction  exceeds  a  critical  value. 
This  suggests  that  the  percolation  theory  can 
hold  for  the  experimental  results.  The  constants 


Fig.  4  Relations  of  p  vs.  V  for  5  pm  Carbon 
Particle  j 

in  Eq.  1  were  obtained  using  the  least  square 
fit  to  the  experimental  data.  The  obtained  val¬ 
ues  are  V~  0.065,  /=  1.9,  A  =  0.003  M Q.  mm. 
The  curve  calculated  with  these  values  is  also 
plotted  in  Fig.4,  showing  a  good  agreement  with 
experiments. 


Approximate  Analysis  of  Electrical  Resistance 
Change  Under  Applied  Load 
The  change  of  electrical  resistance  of  CPDP 
with  tensile  loading  is  developed  using  Eq.  1. 
Here,  the  critical  volume  fraction,  as  a  first 
approximation,  was  assumed  to  change  linearly 
with  applied  stress.  Moreover,  in  the  case  of 
conductive  particle-polymer  composite  the  av¬ 
erage  number  of  contacts  per  particle  changes 
linearly  with  stress,  and  was  known  to  be  in¬ 
versely  proportional  to  the  critical  volume  frac¬ 
tion  [7,  8],  Thus,  the  critical  volume  fraction 
with  stress  can  be  expressed  as  a  simple  form 
as  follows: 


K(a)  = 


K(Q) 

\  -act 


(2) 


where,  FjfS)  was  0.065,  the  critical  volume  frac¬ 
tion  when  the  applied  stress  was  absent.  This 
value  was  obtained  from  the  relationship  be¬ 
tween  the  resistivity  and  the  volume  fraction 
described  in  Fig.  4.  a  is  a  constant.  Then, 
substituting  Eq.  2  into  Eq.  1,  the  resistivity  and 
its  change  of  CPDP  under  applied  stress  were 
finally  determined  from  Eqs.  3  and  4.  Figure  5 
shows  a  comparison  between  the  analysis  and 
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Fig.  5  Comparison  Between  Analysis  and  Ex¬ 
perimental  Results 
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experimental  results  for  the  CPDP  of  5fim  car¬ 
bon  particle.  Here,  the  constant  a  was  obtained 
by  fitting  Eq.  4  to  the  experimental  result  and 
its  value  was  0.008.  The  predicted  result  agreed 
well  with  the  experimental  result  below  0.6% 
strain  near  the  failure  of  material,  where  dam¬ 
age  and  electrical  resistance  greatly  changed. 
It  can  be  therefore  said  that  the  electrical  resis¬ 
tance  change  under  applied  loading  is  evalu¬ 
ated  approximately  using  the  percolation  equa¬ 
tion  and  an  appropriate  model  for  the  critical 
volume  fraction  of  carbon  particle  as  a  func¬ 
tion  of  the  stress  (or  strain). 

Fatigue  Test  Results  of  CFRP 
Figure  6  shows  the  change  in  strain  and  elec¬ 
trical  resistance  of  CFRP  specimens  ( [±  25/ 
±25/90]s)  during  the  constant-stress  fatigue 
loading  together  with  the  appearances  of  the 
evoution  of  edge  delamination.  It  is  shown  that 
the  change  in  electrical  resistance  takes  place 
at  the  early  stage  of  cycles,  and  increases  gradu¬ 
ally  as  the  number  of  cycles  increases.  This 
resistance  change  due  to  cumulative  fatigue 
damage  was  observed  to  be  greater  than  during 
static  testing  by  a  factor  of  about  10  (i.e.,  the 
resistance  change  until  the  ultimate  failure  was 
about  0.035  of  the  original  during  static  test¬ 
ing,  and  0.225  of  the  original  during  fatigue). 
Generally,  the  electrical  resistance  change  in 
the  CFRP  laminates  is  known  to  be  caused  by 
the  breakage  of  carbon  fibers  or  by  the  damage 
in  the  perpendicular  direction  of  fiber,  because 
electrical  contact  is  possible  between  neighbor¬ 
ing  carbon  fibers.  In  this  case,  the  progressive 
increasing  of  resistance  change  in  the  [±  25/ 
±25/90]s  specimen  with  the  number  of  fatigue 
cycles  are  caused  by  the  stable  growth  of  edge 
delamination  occurring  at  the  25/90  interface, 
that  is,  the  contacts  break  between  layers  and 
the  area  avaliable  for  current  flow  decreases. 

Conclusions 

Mechanical  damage  behavior  and  electri¬ 
cal  resistance  change  in  CPDP  and  CFRP  com¬ 
posites  were  characterized  under  static  tension 
and  fatigue  tests.  For  CPDP,  the  electrical  re¬ 
sistance  almost  linearly  increased  with  increas¬ 
ing  strain  during  loading,  and  the  residual  elec¬ 
trical  resistance  was  observed  even  after  remov- 


0  5x104  lxl05  1.5x105  2x105  2.5x105 

Number  of  cycles 


Fig.  6  Change  in  Strain  and  Electrical  Resis¬ 
tance  of  CFRP  Specimen  during 
Fatigue  Loading  together  with  App¬ 
earances  of  Delamination  Evoution 

ing  load.  The  value  of  the  residual  electrical 
resistanc  was  dependent  on  the  maximum  strain 
under  the  applied  stress. These  results  suggest 
that  estimation  of  the  maximum  strain  (dam¬ 
age  state)  is  possible  by  measuring  electrical 
resistance  of  composites.  The  residual  resis¬ 
tance  was  found  to  be  due  to  the  plastic  defor¬ 
mation  of  matrix  remaining  after  removing 
loading.  Moreover,  the  relation  between  the 
volume  fraction  of  carbon  particle  and  the  elec¬ 
trical  resistivity  of  CPDP  was  well  expressed 
by  the  percolation  equation.  The  electrical  re¬ 
sistance  change  of  CPDP  under  applied  load¬ 
ing  could  be  estimated  approximately  using  a 
simple  theoretical  model.  Furthermore,  the  re¬ 
lationship  between  the  cumulative  edge  delami¬ 
nation  behavior  and  the  electrical  resistance 
change  for  CFRP  laminates  was  characterized 
under  fatigue  loading. 
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Abstract 

Debondings  of  sandwich  plates 
between  a  skin  plate  of  graphite/  epoxy 
laminated  composites  and  core  is  one  of  the 
most  significant  damages.  A  new  technique 
for  detections  of  the  debondings  of  the 
sandwich  plates  is  proposed  in  the  present 
study.  The  present  study  employs  an  electric 
impedance  change  method  for  die  detections 
of  debondings.  For  most  of  the  sandwich 
plate,  however,  electric  current  cannot  flow 
from  skin  plate  to  core  materials.  In  the 
present  study,  accumulated  local  damage  in 
the  skin  plate  is  monitored  with  the 
impedance  change  method  and  initiation  of 
the  debonding  is  estimated  using  the  damage 
limit  of  the  skin  plate.  In  order  to  investigate 
the  relationship  between  the  damage  of  the 
skin  plate  and  electric  impedance  change, 
tension  tests  of  cross-ply  graphite/epoxy 
laminates  are  performed  measuring  the 
electric  impedance  change,  and  an 
indentation  test  of  a  sandwich  plate 
composed  of  graphite/epoxy  skin  panels  and 
urethane  form  core  are  conducted.  As  a  result, 
the  applicability  of  the  electric  impedance 
method  for  detections  of  debondings  has 
been  experimentally  shown. 

Key  Words:  Sandwich  plate,  Electric 


impedance.  Smart  structure,  Composites 

Introduction 

Sandwich  plates  composed  of 
graphite/epoxy  skin  plates  and  lightweight 
core  are  widely  applied  in  aerospace 
structures.  In  the  sandwich  plates,  debonding 
between  the  skin  plate  and  core  created  by 
indentation  such  as  tool  drop  are  significant 
damage  that  causes  stiffness  degradation. 
Since  the  debondings  are  usually  very 
difficult  to  detect  by  visual  inspection,  a  new 
technique  for  detection  of  debondings  is 
required 

An  electrical  resistance  change 
method  has  been  applied  successfully  to 
monitor  a  delamination  crack  of  laminated 
plates  [1-3].  For  the  method,  direct  electric 
current  is  charged  into  the  laminate,  and 
electric  resistance  changes  of  the  segments 
between  multiple  electrodes  are  measured 
using  a  conventional  strain  amplifier.  For  the 
sandwich  plate,  however,  electric  current 
charged  into  the  skin  plate  does  not  flow  into 
the  core  not  only  by  die  thick  adhesive  layer 
but  electric  insulator  core  such  as  form  core. 

In  the  present  paper,  therefore, 
alternating  current  is  employed  to  measure 
the  electric  impedance  change  of  the  skin 
plate  to  detect  the  small  damage  such  as 
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matrix  cracking.  Before  the  debonding 
initiation,  accumulated  matrix  cracks  exits  by 
the  indentation  loading.  By  measuring  the 
locally  accumulated  matrix  cracks, 
possibility  of  existence  of  debonding  can  be 
estimated. 

In  order  to  investigate  the 
applicability  of  the  method,  two  kinds  of 
experiments  are  performed  here.  The  first  test 
is  to  know  the  applicability  of  electric 
impedance  change  method  for  matrix  crack 
detection  using  a  rectangular  tension  test 
specimen  of  cross-ply  laminate,  and  the 
second  test  is  to  measure  the  limit  of 
accumulated  matrix  cracks  using  the 
indentation  loading  of  a  sandwich  plate 
specimen. 

Schema  of  Detection  Method  of 
Debonding  of  the  Sandwich  Structure 

Urethane  form  and  aluminum 
honeycomb  are  widely  applied  as  core 
materials  of  sandwich  plates  in  aerospace 
structures.  These  core  materials  are  usually 
bonded  by  thick  adhesive  layer  that  is 
complete  electric  insulator.  Most  of  the  form 
core  materials  are  insulator  too. 

In  graphite/epoxy  laminates, 
interface  debonding  between  fiber  and  matrix, 
matrix  crack  are  created  with  local 
out-of-plane  indentation,  and  those  damages 
are  produced  before  a  debonding  between 
skin  and  core.  The  accumulated  damage  in 
the  skin  plate  of  graphite/epoxy  laminates 
brings  the  electric  impedance  change. 


Therefore,  it  is  possible  to  detect  the 
debonding  between  skin  and  core  by  the 
measurement  of  the  electric  impedance 
change  of  the  skin  plate  of  graphite/epoxy. 
With  the  relationship  between  the  detected 
accumulated  damages  of  graphite/epoxy  skin 
plate  and  the  debonding  of  sandwich  plate, 
debonding  of  sandwich  plate  can  be  detected 
Figure  1  shows  the  schematic  illustration  of 
damage  in  a  graphite/epoxy  skin  plates  with 
debonding. 

Experimental  Methods 
Cross-ply  Laminates 

Graphite/epoxy  laminates  were  fabricated 
from  a  unidirectional  graphite/epoxy  prepreg 
(Q1 1 11-2500)  manufactured  by  Toho  Tenax. 
The  stacking  sequence  of  the  graphite/epoxy 
laminates  is  [02/90]s.  Before  curing,  cupper 
foils  are  mounted  on  the  surface  layer,  and 
co-cured.  The  cupper  foils  is  used  as 
electrodes  for  measurements  the  electric 
impedance  change  of  the  laminate.  The 
electric  impedance  is  measured  four  prove 
method.  After  curing,  the  laminate  was  cut  to 
rectangular  specimens  of  210mm  xl2.5mm 
x  1 .3mm  as  shown  Figure  2. 

For  the  measurement  of  electric 
impedance  change,  a  LCR  meter  3522 
produced  by  Hioki  Co.  was  used  with 
alternating  current  of  10mA  at  1kHz. 

A  mechanical  testing  system  was 
used  for  tension  loading  in  the  longitudinal 
direction,  with  displacement  rate  of  0.2 
mm/min.  The  measurement  of  electric 


l<  40  >1 

Vi 

<N 

1  IT 

_ 

*■ 

|  c  10  j  unit :  mm  T 

g  Electrodes  for  measurement  of  voltage 
fflffll  Electrodes  for  charging  the  current 


Fig.l  Schematic  illustration  of  damage 
in  graphite/epoxy  skin  plate 
after  debonding 


Fig.2  Sample  for  tensile  test 


impedance  is  conducted  both  on  loading  and 
after  unloading  at  each  applied  stress  case. 

Urethane  Form  Core  Sandwich  plate 
A  sandwich  plate  composed  of  skin  plates  of 
graphite/epoxy  and  urethane  form  core  was 
produced.  Stacking  procedure  of 
graphite/epoxy  skin  plate  and  process  of 
electrodes  of  cupper  foil  are  the  same  as  the 
case  of  the  cross-ply  laminates  described  in 
previous  chapter.  The  stacking  sequence  for 
graphite/epoxy  skin  plate  is  [0/±45/90]s,  that 
is  quasi-isotropic  laminates.  The  thickness  of 
urethane  form  core  is  8.8  mm. 

Graphite/epoxy  skin  laminates  and 
urethane  form  core  are  bonded  together  with 
conventional  epoxy  type  adhesive  cured  at 
normal  temperature.  After  bonding  of  the 
skin  plates  and  core,  the  sandwich  plate  were 
cut  to  beam  type  specimens  of  100mm 
xl5mm  shown  as  Figure  3. 

The  debonding  of  the  beam  type 
sandwich  plate  specimen  was  created  by  an 
indentation  test.  The  sandwich  plate  was  set 
on  the  solid  floor,  and  indentation  loading  is 
performed  in  the  middle  of  the  beam  type 
specimen.  A  debonding  is  created  just  below 
the  indented  place.  The  indentation  test  was 
conducted  using  the  same  testing  machine  as 
described  before. 

With  the  loading,  the  graphite/epoxy 
skin  plate  deforms  locally  at  the  loading 
point.  The  deformation  of  the  skin  plate 
causes  plastic  deformation  of  the  core 
materials.  When  the  loading  is  removed, 
deformed  core  is  detached  from  the  skin  plate, 
and  the  debonding  is  created. 


Fig.3  Testing  method  for  indentation  test 


Result  and  Discussion 
Cross-ply  Laminates 

Figure  4  shows  the  stress-displacement 
diagram  of  cross-ply  laminates.  The  elastic 
deformation  region  is  observed  until 
approximately  50%  of  rupture  stress. 
Nonlinearity  is  observed  after  the  elastic 
deformation  region.  Nonlinearity  is  occured 
owing  to  matrix  cracks  and  micro 
debondings  between  fibers  and  matrix. 

Figure  5  shows  the  result  of  electric 
resistance  measured  both  on  loading  and 
after  unloading  at  each  applied  stress  case. 
The  electric  resistance  is  calculated  as  the 
real  part  of  measured  electric  impedance. 
Since  the  imaginary  part  of  electric 
impedance  small,  the  effect  is  neglected  here. 

In  the  initial  elastic  deformation 
region,  the  electric  resistance  change 
increases.  Decrease  of  electric  resistance  is 


Fig.4  Stress-Displacement  Diagram 
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Pig*5  Electric  resistance  change 
during  tensile  test 
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observed  at  about  50%  of  rupture  stress. 
After  that,  the  electric  resistance  increases 
significantly  just  before  the  rupture. 

The  electric  resistance  change  in  the 
elastic  deformation  region  coincides  with  the 
reports  by  many  researchers  [4,5].  They  have 
proposed  the  application  technique  of  CFRP 
composite  as  strain  sensors. 

The  decrease  of  the  electric  resistance 
change  has  been  reported  by  Chung  [6].  The 
mechanism  is  our  future  work. 

Urethane  Form  Core  Sandwich  plate 
Figure  6  show  the  load-displacement 
diagram  and  the  electric  resistance 
change-displacement  diagram.  The  initiation 
of  debonding  in  figure  6  was  observed  with 
visual  inspection.  After  unloading,  the 
residual  electric  resistance  is  observed. 

Urethane  form  core  is  an  insulator, 
and  the  debonding  between  skin  and  urethane 
form  core  could  not  affect  the  electric 
resistance  change.  The  electric  resistance 
change  is  caused  by  accumulated  damages 
graphite/epoxy  laminates.  Residual  electric 
resistance  change  is  also  observed  after  un 
loading. 

Conclusion 

(1)  The  technique  for  detection  of 
debonding  between  skin  and  core  of 
sandwich  structure  with  measurements  of  the 
electric  impedance  change  of  the  skin  plate 
of  graphite/epoxy  laminates  is  proposed. 

(2)  The  electrical  resistance  change  is 
observed  both  on  loading  and  after  unloading 
while  tensile  test  of  graphite/epoxy  cross-ply 
laminates. 

(3)  The  electrical  resistance  change  is 
monitored  while  indentation  test  of  sandwich 
plate  composed  of  graphite/epoxy  skin  plate 
and  urethane  form  core. 


Debond  ine  start 


Stroke  of  indent  head  [mm] 


Fig*6  Electric  resistance  change 
during  indentation  test 
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Abstract 

Ballistic  impact  tests  are 
conducted  on  the  structural  ceramic 
materials  of  silicon  carbide  (SiC)  and 
zirconia  (Zr02)  using  an  impact  test 
system  developed  by  incorporating  a 
digital  imaging  system  with  a  gas  gun 
type  impact  testing  machine.  The  digital 
imaging  system  allows  visualization  of 
the  projectile’s  motion  and  the  ballistic 
impact  behavior  of  the  target  materials 
during  testing.  The  present  tests  focus 
exclusively  on  the  impact  perforation  and 
so  the  perforation  characteristics  of  these 
materials  are  evaluated.  The  ballistic 
limit  velocity  and  the  residual  velocity  of 
the  projectile  after  perforation  are  also 
estimated  or  predicted  with  the  help  of 
the  analytical  modeling,  which  is  found 
to  be  very  successful. 

Key  Words:  Ballistic  Impact  Test, 
Impact  Perforation  Characteristics, 
Ultra-high  Speed  Photography,  Analytical 
Modeling,  Structural  Ceramic  Materials. 

Introduction 

Ceramic  materials  have  attracted 


great  interest  for  the  structural 
applications  requiring  superior 
performance  at  high  temperatures  due  to 
their  high  stiffness,  low  density,  and  high 
heat-resistance.  However,  since  the 
monolithic  ceramics  are  very  susceptible 
to  impact  loads  due  to  their  brittleness  [1], 
[2],  their  application  is  severely  limited. 
Therefore,  in  order  to  reduce  the 
brittleness  and  enhance  the  impact 
toughness  [3],  the  continuous  fiber 
reinforced  ceramic  composites  (CFCCs) 
are  being  developed  [4].  The  potential 
applications  of  these  ceramics  and  their 
composites  are  advanced  gas  turbine 
engine  components  including  combustion 
liners,  turbine  blades,  and  discs,  where 
the  impact  resistance  against  foreign 
objects  such  as  carbon  particles  is  critical 
to  their  structural  integrity  [5].  In  the 
present  paper,  the  authors  are  aiming  at 
evaluating  the  impact  perforation 
characteristics  of  the  monolithic  ceramic 
plates  of  silicon  carbide  SiC  and  zirconia 
Zr02  at  room  temperature.  For  this 
purpose,  an  impact  test  system  is  first 
developed  by  incorporating  a  digital 
imaging  system  with  a  gas  gun  type 
impact  testing  machine  and  then,  by 
using  this  system,  impact  perforation 
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tests  are  performed.  A  projectile’s  motion 
and  the  ballistic  impact  behavior  of  the 
target  plate  during  testing  are  visualized 
in  the  form  of  four  consecutive  images. 
Analytical  modeling  is  also  made  using 
the  conservation  laws  of  momentum 
and/or  energy  [6],  [7],  which,  together 
with  the  test  results,  leads  to  simple 
semi-empirical  expressions  for 
estimating/predicting  the  perforation 
characteristics  of  these  materials. 

Development  of  Impact  Test  System 

Impact  test  system  developed  here 
is  shown  schematically  in  Fig.l  [7].  The 
impact  machine  is  capable  of  firing  a 
steel  ball  projectile  of  5  mm  in  diameter 
and  0.51  g  by  weight  at  a  maximum 
impact  velocity  of  330  m/s.  The  digital 
imaging  system  (IMACON  468)  consists 
of  an  ultra-high  speed  camera  unit, 
high-resolution  monitor,  and  a  personal 
computer  for  system  control  and  data 
analysis.  The  ultra-high  speed  camera 
provides  four  consecutive  images  and 
they  are  displayed  on  the  high-resolution 
monitor.  The  digital  imaging  system 
allows  the  visualization  of  the  projectile’s 
motion  and  the  dynamic  behavior  of  the 
target  plate. 

Ballistic  Impact  Tests 

Two  kinds  of  structural  ceramics 
of  SiC  and  ZrC>2  in  the  form  of  80  mm  X 
50  mm  rectangular  plates  with  the 
thickness  of  1.5  mm  are  chosen  as  the 
target  materials  in  the  ballistic  impact 
tests.  Only  the  lower  edges  of  the  target 
plates  are  clamped  in  the  fixture  and  the 


Fig.l  Impact  Test  System 


plates  are  impacted  normally  by  the 
steel  ball  projectile.  The  impact  velocity 
of  the  projectile  is  measured  by  the 
velocity  detector,  while  the 
corresponding  residual  velocity  after 
impact  perforation  is  determined  here 
from  the  two  consecutive  images.  The 
impact  velocity  ranges  between  110  and 
220  m/s.  The  projectile’s  motion  and  the 
impact  behavior  of  the  target  plate  are 
also  displayed  on  the  monitor,  which  are 
stored  and/or  processed  in  the  personal 
computer  for  data  analysis. 

Analytical  Modeling 

When  a  steel  ball  projectile 
impinging  on  and  passing  through  a 
target  plate,  a  residual  velocity  Vr 
and  a  ballistic  limit  velocity  V\,  of  the 
projectile  are  considered  two  major 
parameters  that  characterize  the  impact 
perforation  of  the  target  plate  by  the 
projectile.  In  this  case,  two  analytical 
models  A  and  B  are  presented  for 
estimating  the  ballistic  limit  velocity  and 
predicting  the  residual  velocity  [6],  [7], 
and  they  formally  give  the  same 
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expressions: 


Vi-tf-rS/a*  (1) 

Fs=a^'2-n2  (2) 

where  the  mass  coefficient  Of  is  given 
by 

\l/2 


M 


M  +  m 


M 


M  +  m 


(3) 


for  model  A  and  B,  where  M  and  m 
denote  the  projectile’s  mass  and  the  total 
mass  of  the  fragments,  respectively. 

Once  some  pairs  of  Vf  and  Vr 
together  with  OL  are  obtained  from  the 
impact  tests,  the  ballistic  limit  velocity 
Vb  is  estimated  from  Eq.(l)  and  then,  by 
substituting  it  into  Eq.(2),  the  residual 
velocity  is  predicted  as  a  function  of  the 
impact  velocity. 

Results  and  Discussions 

Figure  2  shows  the  residual 
velocity  as  a  function  of  the  impact 
velocity  for  SiC  and  Zr02  plates,  where 
the  filled  circles  represent  the 
experimental  results  and  the  solid  lines 
give  the  predictions  from  Eq.(2).  In  both 
plates,  with  an  increasing  impact  velocity, 
the  residual  velocity  increases  quickly 
nearby  the  ballistic  limit  velocity  and 
then  it  tends  to  increase  almost  linearly. 
The  ballistic  limit  velocities  estimated 
from  Eq.(l)  are  98.3  m/s  for  SiC  and  82.6 
m/s  for  ZrC>2,  where,  for  the  latter  case, 
the  data  available  in  the  estimation  are 
limited  to  those  close  to  the  ballistic  limit 
velocity.  Comparison  of  the  predictions 
for  the  residual  velocities  with  the 


(a)  SiC  Plate 


Impact  Velocity  Vf  (m/  s  ) 


(b)  Zr02  Plate 

Fig.2  Residual  Velocity  vs.  Impact 
Velocity 

experimental  results  shows  a  fairly  good 
agreement  except  for  the  case  of  Zr02  at 
higher  impact  velocities. 

Figure  3  shows  the  relationships 
between  the  total  energy  lost  in  the 
perforation  process  and  the  impact 
velocity.  The  energy  is  found  to  be 
almost  constant  and  the  average  values 
are  2.51  J  for  SiC  and  1.85  J  for  Zr02. 

Figure  4  shows  the  ultra-high 
speed  photographs  of  the  perforation 
process  given  by  four  consecutive  images. 
From  these,  we  find  that  a  part  of  the 
target  plates  scatters  in  fragments  with 
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Fig.3  Loss  Energy  vs.  Impact  Velocity 
(upper^  SiC,  lower:  ZrCh) 


Fig.4  Ultra-high  Speed  Photographs 
(Vi  %215m/s;  upper:  SiC,  lower:  ZrCh) 
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small  and  large  pieces,  where,  in  general, 
the  smaller  pieces  run  ahead  of  the 
projectile  and  the  larger  behind  that. 

Conclusions 

An  impact  test  system  developed 
here  was  proven  to  be  a  powerful  means 
to  the  end  of  our  study.  Combination  of 
the  ballistic  impact  test  data  and  the 
analytical  modeling  was  successful  in 
estimating/predicting  the  perforation 
characteristics  of  the  silicon  carbide  and 
zirconia  monolithic  ceramic  materials 
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Abstract 

This  study  dealt  with  the  acoustic 
emission  properties  of  glass  fiber  woven 
fabric  reinforced  vinylester  composites, 
which  were  different  in  the  chemical  com¬ 
position  of  glass  fiber,  under  acid  environ¬ 
ment.  Static  tensile  tests  with  monitoring  AE 
were  performed  for  the  specimens  subjected 
to  the  creep  testing  in  air  and  in  acid  envi¬ 
ronment.  Static  tensile  strength  of  virgin 
E-glass  fiber  composite  was  higher  than 
C-glass  fiber  composite,  while  the  creep 
lifetime  of  E-glass  fiber  composite  in  acid 
environment  was  extremely  shorter  than 
C-glass  fiber  composite.  The  residual 
strength  of  E-glass  fiber  composite  sustained 
after  creep  stressing  to  half  of  the  creep  life¬ 
time,  however,  it  was  significantly  reduced 
after  creep  stressing  to  about  70%  of  lifetime. 
It  was  clarified  through  the  AE  monitoring 
that  the  catastrophic  damage  accumulated  in 
the  E-glass  fiber  composite  after  such  creep 
stressing,  and  such  damage  reduced  the  re¬ 


sidual  strength.  This  result  suggested  that 
E-glass  fiber  composite  showed  the  unex¬ 
pected  creep  rupture. 

Key  Words:  Acoustic  Emission,  Kaiser  Ef¬ 
fect,  Creep,  Residual  Strength 

Introduction 

Glass  fiber  reinforced  plastics 
(GFRP)  have  been  widely  used  as  the  struc¬ 
tural  materials  (chemical  tanks/vessels,  pipes, 
etc.)  under  severe  environments  such  as  acid 
and  alkaline  environment.  In  general, 
E-glass  fiber  has  been  used  as  a  reinforce¬ 
ment  of  GFRP  for  these  applications. 
However,  E-glass  fiber  is  not  stable  under 
acid  environment,  and  corrosion  of  the  fiber 
occurs  significantly.  Such  degradation  in¬ 
duces  catastrophic  failure  of  GFRP  structures 
under  acid  environment,  and  it  is  unfavorable 
phenomenon  for  actual  application.  From 
this  reason,  application  of  acid  resistant  glass 
fiber  (e.g.  C-glass  and  ECR-glass  fiber)  is 
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strongly  demanded  as  the  reinforcement  of 
FRP  structure  under  acid  environment1. 
However,  the  data  for  C-glass  fiber  rein¬ 
forced  plastics  are  very  poor.  In  addition,  it  is 
important  to  know  the  strength  degradation 
mechanism  of  such  composites  under  acid 
environment  in  order  to  improve  the  corro¬ 
sion  resistance  of  composites. 

From  this  background,  this  study 
discusses  the  strength  degradation  mecha¬ 
nism  of  E-glass  fiber  and  C-glass  fiber  plain 
woven  fabric  reinforced  vinylester  compos¬ 
ites  under  creep  stressing  in  acid  environ¬ 
ment  through  the  acoustic  emission  analyses. 

Experimental  Procedure 

Materials  used  were  plain  woven 
glass  fabric  as  reinforcement  and  vinylester 
resin  as  matrix.  In  order  to  discuss  the  in¬ 
fluence  of  fiber  on  creep  behavior,  E-glass 
fiber  and  C-glass  fiber  were  adopted  as  the 
fiber  of  woven  fabrics.  By  stacking  12  plies 
of  the  same  fiber  fabrics,  two  kinds  of  lami¬ 
nates  were  fabricated  by  hand  lay-up  method. 

In  order  to  discuss  the  influence  of 
fiber  type  on  the  creep  lifetime,  creep  test 
was  performed  in  acid  environment  (5% 
HNO3)  by  applying  the  constant  stress  at 
various  stress  level,  and  the  period  to  final 
failure  was  measured. 

In  order  to  discuss  the  residual 
strength  after  creep  in  acid  environment, 
static  tensile  test  was  performed  for  the 
specimens  where  the  creep  stress  (pre-stress) 
was  applied  in  acid  environment  (5%  HNO3) 
prior  to  the  static  tensile  test.  Static  tensile 


test  was  performed  at  a  constant  crosshead 
speed  of  lmm/min  in  air.  In  static  tensile  test, 
acoustic  emission  (AE)  from  the  specimen 
was  also  monitored  simultaneously  in  order 
to  discuss  the  influence  of  creep  stress  on 
fracture  mechanism  in  static  tensile  test.  AE 
was  detected  by  7600  series  AE  instrument 
(NF  Corp.,  Japan).  AE  transducer  with  the 
resonant  frequency  of  140kHz  was  attached 
to  the  specimen,  and  AE  was  monitored  with 
the  total  gain  of  60dB  and  the  threshold  of 
lOOmV. 

Experimental  Results  and  Discussion 

Table  1  summarizes  the  static  tensile 
strength  of  each  virgin  specimen.  The  tensile 
strength  of  E-glass  fiber  is  generally  higher 
than  that  of  C-glass  fiber.  Corresponding  this 
fact,  the  tensile  strength  of  E-glass  fiber 
composite  was  35%  higher  than  that  of 


Creep  lifetime  (hrs) 


Fig.l  Creep  lifetime  in  5%  HNO3  solution. 


Table  1  Static  tensile  strengths  for  the  virgin  and  the  pre-stressed  specimens. 


Tensile  Strength 

Residual  strength 

Creep  stressed  at 

Virgin 

100  MPa,  22  hours 
in  air 

100  MPa,  1  hour 
in  acid 

1 00  MPa,  2  hours 
in  acid 

E-glass  fiber 
composite 

270  MPa 

249  MPa 

255  MPa 

199  MPa 

C-glass  fiber 

208  MPa 

216  MPa 

212  MPa 

217  MPa 

composite 
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Fig.2  Stress-strain  curve  and  AE  evolution 
for  virgin  E-glass  specimen. 


Fig.4  Stress-strain  curve  and  AE  evolution 
for  E-glass  specimen  subjected  to 
lOOMPa  creep  stressed  for  1  hour. 


0  0.5  1.0  1.5  2.0 


Tensile  strain  (%) 


Fig.3  Stress-strain  curve  and  AE  evolution 
for  virgin  C-glass  specimen. 


Fig.5  Stress-strain  curve  and  AE  evolution 
for  C-glass  specimen  subjected  to 
lOOMPa  creep-stressed  for  1  hour. 


C-glass  fiber  composite.  Fig.l  shows  the 
creep  lifetime  at  various  stress  level  in  5% 
HNO3  solution.  Creep  stress  level  signifi¬ 
cantly  affected  the  creep  lifetime  of  E-glass 
fiber  composite.  In  120MPa  creep  stress 
level  for  E-glass  fiber  composite,  which  was 
almost  half  of  the  ultimate  strength  in  static 
test  in  air,  the  lifetime  was  merely  lhr.  It  is 
well  known  that  E-glass  fiber  is  extremely 
corroded  in  acid  environment2,  and  the  re¬ 
sults  shown  in  Fig.l  corresponded  such 
phenomenon.  On  the  contrary,  C-glass  fiber 
composite  showed  excellent  creep  property 
even  in  acid  environment.  Figs.2  and  3 
shows  the  stress-strain  curves  and  the  AE 
evolution  during  the  static  tensile  tests  for 
virgin  specimens.  The  AE  counts  gradually 
increased  with  increasing  the  applied  stress  at 
low  stress  level,  and  AE  activity  was  stable 


above  about  lOOMPa. 

In  order  to  clarify  the  creep  rupture 
mechanism,  static  tensile  tests  were  per¬ 
formed  after  applying  the  creep  stress  under 
various  test  conditions.  As  a  first  attempt,  the 
creep  stress  of  lOOMPa  was  applied  for  1 
hour,  which  was  about  40%  period  of  creep 
lifetime  in  E-glass  fiber  composite.  Figs.4 
and  5  shows  the  stress-strain  curves  and  the 
AE  count  evolution  during  the  static  tensile 
tests  for  the  specimens  subjected  to  creep 
stress  of  lOOMPa  for  1  hour  in  acid  envi¬ 
ronment.  Both  in  E-glass  fiber  and  C-glass 
fiber  composites,  the  strength  reduction 
never  occurred  as  summarized  in  Table  1, 
and  AE  never  detected  below  the  applied 
stress  of  lOOMPa.  This  meant  that  the  Kaiser 
effect  still  existed  from  the  viewpoint  of  AE 
even  after  the  creep  stressing  in  acid  solution 
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Fig.6  Stress-strain  curve  and  AE  evolution 
for  E-glass  specimen  subjected  to 
lOOMPa  creep-stressed  for  2  hours. 

in  both  specimens.  Therefore  serious  dam¬ 
age  never  occurred  during  the  creep  stressing 
in  these  specimens,  and  the  creep  stress  did 
not  influence  the  static  strength.  However, 
the  static  strength  in  E-glass  fiber  composite 
decreased  as  summarized  in  Table  I  when  the 
creep  stress  of  lOOMPa  was  applied  for  2 
hours  in  acid  solution,  which  was  about  80% 
period  of  creep  lifetime.  Figs.6  and  7  show 
the  stress-strain  curves  and  the  AE  count 
evolution  during  the  static  tensile  tests  for  the 
specimens  subjected  to  creep  stress  of 
lOOMPa  for  1  hour  in  acid  environment.  In 
C-glass  fiber  composite,  the  Kaiser  effect 
still  existed  because  of  the  low  applied  creep 
stress  against  the  creep  life-time.  Therefore 
the  serious  damage  never  occurred  during 
creep  stressing  in  C-glass  fiber  composite. 
On  the  other  hand,  the  AE  had  already  de¬ 
tected  below  applied  stress  of  lOOMPa  in 
static  test  for  E-glass  fiber  composite,  and  it 
suggested  serious  damages  had  been  already 
accumulated  during  the  creep  stressing  from 
1  hour  to  2  hours.  Such  damages  reduced  the 
static  strength  for  E-glass  fiber  composite. 
This  result  suggested  that  serious  damage 
occurred  after  a  certain  period  of  creep 
stressing,  and  it  might  be  related  to  the  ac¬ 
cumulation  of  the  stored  strain  energy  and 
the  time  for  chemical  reaction  of  glass  with 
acid.  In  E-glass  fiber  composite,  the  creep 
rupture  occurred  only  in  the  final  process 
under  creep  stressing,  and  such  process  might 


Fig.7  Stress-strain  curve  and  AE  evolution 
for  C-glass  specimen  subjected  to 
lOOMPa  creep-stressed  for  2  hours. 

lead  the  unexpected  failure  of  E-glass  fiber 
composite  structure  in  acid  environment. 

Conclusions 

This  study  dealt  with  the  acoustic 
emission  properties  of  glass  fiber  woven 
fabric  reinforced  vinylester  composites, 
which  were  different  in  the  chemical  com¬ 
position  of  glass  fiber,  under  acid  environ¬ 
ment.  Static  tensile  tests  with  monitoring  AE 
were  performed  for  the  specimens  subjected 
to  the  creep  testing  in  air  and  in  acid  envi¬ 
ronment.  The  residual  strength  of  E-glass 
fiber  composite  sustained  after  creep  stress¬ 
ing  to  half  of  the  creep  lifetime,  however,  it 
was  significantly  reduced  after  creep  stress¬ 
ing  to  about  70%  of  lifetime.  It  was  clarified 
through  the  AE  monitoring  that  the  catas¬ 
trophic  damage  accumulated  in  the  E-glass 
fiber  composite  after  such  creep  stressing, 
and  such  damage  reduced  the  residual 
strength.  This  result  suggested  that  E-glass 
fiber  composite  showed  the  unexpected  creep 
rupture. 
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Abstract 

Many  fatigue  damage  detection  system 
for  CFRP  composite  structures  has  been 
developed  recently,  but  they  were  not 
successful.  In  this  paper,  a  new  fatigue 
damage  detection  method  by  measuring 
Poisson’s  ratio  change  is  described.  The 
phenomena  that  Poisson’s  ratio  change  is 
more  sensitive  than  stiffness  change  was 
discovered  by  a  simple  FEM  analysis. 
Then  more  precise  FEM  analysis  has  been 
carried  out  and  confirmed  the  phenomena 
And,  Poisson’s  ratio  change  on  0/90  and 
quasi-isotropic  CFRP  laminates  were 
calculated. 

From  the  static  strength  test  results, 
damages  such  as  transverse  cracks  could 
not  be  detected  by  Poisson’s  ratio  change, 
because  of  the  non-linearity  of  the 
longitudinal  stiffness  of  CFRP  laminates. 
However,  in  case  of  fatigue  tests,  it  was 
observed  that  a  liner  relation  exists 
between  the  transverse  crack  density  and 
Poisson’s  ratio  change,  such  as  0.5 
cracks/mm  transverse  crack  density  came 
to  3-5  %  Poisson’s  ratio  change.  This 
system  would  be  useful  not  only  for 
damage  detection  of  coupon  tests,  but  also 
for  a  health  monitoring  system  of  actual 
aircraft  structures  in  the  future. 

Key  Words:  Transverse  crack,  Fatigue, 
damage  detection,  Poisson’s  ratio 

1.  Introduction 

Many  fatigue  damage  detection  system  for 
CFRP  composite  structures  has  been 


developed  recently,  but  they  were  not 
successful. 

Transverse  cracks  does  not  directly  cause 
the  structural  failure,  but  it  has  been 
considered  to  be  one  of  the  failure  modes  in 
the  aircraft  design  with  a  very  conservative 
design  guide.  As  a  result,  it  gives  the  lowest 
design  allowable  (  strain)  and  makes  the 
structure  heavier  and  reduces  the  merits  of 
composite  material  over  metal  structures. 

In  this  paper,  a  new  fatigue  damage 
detection  method  by  measuring  the  change 
of  Poisson’s  ratio  is  described.  This  system 
would  be  useful  not  only  for  damage 
detection  of  coupon  tests,  but  also  for  a 
health  monitoring  system  of  actual  aircraft 
structures. 

2.Principal  Theory 

The  phenomena  that  Poisson’s  ratio 
change  is  more  sensitive  than  stiffness 
change  has  been  discovered  by  FEM 
analysis.  The  elastic  properties  of  90 
degree  layers,  such  as  ET,  Gtz  and  v  tl 
shown  in  Table.  1, were  reduced  by  a  factor 
of  1/100  to  simulate  the  mechanical 
behavior  after  damage  in  an  orthotropic 
laminate.  The  FEM  model  is  shown  in  Fig.l 
Then  the  analytical  results,  shown  in  Fig.2, 
suggested  that  Poisson’s  ratio  reduction  was 
more  sensitive  than  tensile  modulus  change. 
So,  the  transverse  cracks  could  be  detected 
by  measuring  Poisson’s  ratio. 


Table.l  Elastic  properties  of  the  FEM  model 


El 

130(GPa) 

Et 

7.1(GPa) 

Ez 

7.1(GPa) 

G,.t 

3.3(GPa) 

GTz 

2.8(GPa) 

Gzl 

3.3(GPa) 

VLT 

0.314 

V  TZ 

0.017 

VZL 

0.2569 
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Fig.l  FEM  model 


Santa-  of  dimmed  liyrr  Number  of  damaged  layer 

(0/901 H  [0/90]u 


a)  Stiffness  changing  b)  Poison’s  ratio 

changing 

Fig.2  Poisson’s  ratio  and  stiffness 
changing  vs.  the  number  of  transverse 
cracking  plies 

3.Static  test 

To  proof  the  phenomena,  static  tensile  test 
was  carried  out.  Fig.3  shows  the  test 
specimen  and  Fig.4  shows  the  test  apparatus 
of  transverse  crack  test 


Fig.3  Test  specimen 


Material  used  for  the  specimen  was 
Toho-Rayon  350  F  cure  epoxy  CFRP 
pre-preg  UD  tape,  QU135-197A  (UT-500 
fiber).  The  ply  orientation  was  (0/90/0/90)s. 


Fig.4  Test  apparatus  of  transverse 
crack  test 

Fig.5  is  one  of  the  stress-strain  charts 
obtained  from  the  static  tests 


Strain[  fi  s] 

Fig.5  Experimental  result  of  the  Stress  and 
strain  relation  in  static  test 

Fig  6  shows  the  test  results.  As  the 
transverse  cracking  density  increases, 
Poisson’s  ratio  was  gradually  decreased. 
From  the  static  strength  test  results,  the 
damages  such  as  transverse  cracks  could  not 
be  detected  by  Poisson’s  ratio  change, 
because  we  can  recognize  that  Poisson’s 
ratio  in  the  region  which  transverse  cracks 
does  not  occur  is  changed. 
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Strain(xK)'6) 


Fig.6  Relation  between  crack  density 
versus  Poisson’s  ratio 

4.  Fatigue  test 


observation  of  the  transverse  cracks  on  the 
test  specimen. 


0.188  (1/mm) 


0.479  (1/mm) 


t  1  0  degree 
|t=j  90  degree 


(d)  0.833  (1/mm) 


Fatigue  test  was  conducted  for  orthotropic 
laminates.  The  test  specimen  and  the  test 
apparatus  was  the  same  used  for  the  static 
test. 

As  a  result  of  the  fatigue  test,  it  was 
observed  that  a  liner  relation  existed 
between  the  transverse  crack  density  and 
Poisson’s  ratio  change.  As  shown  in  Fig.7, 
0.5(1 /mm)  transverse  crack  density  comes  to 
4  %  Poisson’s  ratio  change. 


-  Poisson's  ratio 

-  Crack  density 


Fig.7  Test  result  of  the  fatigue  testing 


Fig.8  Observations  of  crack  distribution 

Those  cracks  were  modeled  in  the  FEM 
mesh  as  shown  in  Fig.9.  Then  the  Poisson’s 
ratio  change  on  an  orthotropic  CFRP 
laminate  was  calculated 


Fig.9  The  process  of  making  FEM  model 
mesh  considering  transverse  cracks 


5.Analysis 

Precise  FEM  analysis  has  been  carried  out 
to  confirm  the  phenomena  suggested  in 
chapter  2.  Fig.8  shows  the  microscopic 


By  FEM  analysis,  as  shown  in  Fig.  10,  the 
effect  of  crack  density  on  the  change  of 
Poisson’s  ratio  for  an  orthotropic  laminate 
was  obtained. 
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Fig.10  Effect  of  a  crack  density  on 
Poisson’s  ratio  for  an  orthotropic 
laminate 

6.Comparison  with  Analysis  and  test 
results 

The  fatigue  test  results  in  Fig.7  and  the 
analytical  results  in  Fig.10  were  compared  in 
Fig.  11.  From  Fig.  11,  it  was  confirmed  that 
the  relation  between  the  Poisson’s  ratio 
versus  crack  density  was  linier  in  both 
results.  However,  test  results  and  analytical 
results  were  not  agreed  well.  The  reason  of 
the  difference  is  due  to  the  improper 
assumption  that  elastic  properties  of 
damaged  layers  were  reduced  by  a  factor  of 
1/100  and  non-linier  effect  of  composite 
materials. 


f"  ♦  Test  results  — Analytical  results 


0.00  0.20  0.40  0.60  0.80  1.00 

Crack  density(l/mm) 


Fig.ll  Comparison  between  the  test 
result  and  the  analytical  result 


7.  Conclusion 

1) Numerical  results  of  Poisson’s  ratio  agree 
with  experimental  ones. 

2) The  new  fatigue  damage  detection  method 
of  CFRP  by  measuring  the  change  of 
Poisson’s  ratio  is  proposed. 

3) The  phenomena  can  be  used  not  only  for 
damage  detection  of  coupon  tests  but  for  a 
health  monitoring  system  of  actual  aircraft 
structures  using  optical  fiber  strain  censer. 

4) Further  testing  will  be  necessary  to  apply 
it  to  actual  structures. 
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Abstract 

Experimental  studies  on  the  adaptive 
vibration  control  of  composite  beams  with  a 
piezoelectric  actuator  have  been  performed 
using  neural  network  controller.  A  digital 
signal  processor  (DSP)  based  hardware  for 
the  real-time  adaptive  vibration  control  ex¬ 
periment  was  prepared.  The  proposed  neural 
network  controller  has  good  vibration  sup¬ 
pression  performance  and  robustness  with 
respect  to  the  system  parameter  variations. 
In  addition,  a  new  feedback  controller  con¬ 
sisting  of  modal  filter  and  modal 
neuro -controller  was  proposed  for  the 
real-time  adaptive  multi-modal  vibration 
control  of  the  composite  beam. 

Key  Words:  Composite  Structure,  Adaptive 
Vibration  Control,  Neural  Network,  Piezo¬ 
electric  Actuator. 

Introduction 

Composite  materials  have  been 
widely  used  in  many  advanced  structural 
applications  such  as  modem  aircraft  struc¬ 
tures  in  the  past  several  decades.  Generally, 
these  lightweight  composite  structures  are 
prone  to  excessive  vibration,  which  might 
degrade  system  performances  and  sometimes 
yield  structural  failure.  Therefore,  there  have 


been  active  research  efforts  on  the  structural 
vibration  suppression  using  passive  and/or 
active  control  method.  Recently,  Piezoelec¬ 
tric  sensors  and  actuators  have  attracted 
attention  in  the  active  vibration  control  [1,2]. 

In  the  real  service  life,  environmental 
loads  can  sometimes  cause  local  structural 
failure,  and  hence  result  in  changes  in  dy¬ 
namic  characteristics  of  structures  [3].  In 
addition,  stmctural  systems  having 
time-varying  characteristics  without  perma¬ 
nent  stmctural  damages  can  be  easily  found. 
When  dynamic  characteristics  of  stmctures 
are  varying,  vibration  control  using  conven¬ 
tional  linear  time  invariant  control  algorithm 
may  result  in  inefficient  vibration  suppres¬ 
sion,  or  even  amplify  stmctural  vibration 
until  stmctural  failure  occurs. 

In  this  paper,  neuro-adaptive  feed¬ 
back  control  has  been  presented  to  suppress 
vibrations  of  composite  stmctures.  The 
real-time  implementation  of  the  adaptive 
controller  was  performed  using  a  DSP.  Fi¬ 
nally,  a  real-time  adaptive  multi-modal 
vibration  control  using  modal  filter  and  mo¬ 
dal  neuro-controller  is  introduced. 

Neuro-Controller  Basics 
Neural  Networks 

Neural  network  is  a  mathematical  model, 
which  is  artificially  embodied  by  imitating 


903 


recognition  or  knowledge-acquiring  process 
of  human  beings.  The  neural  network  used  in 
this  study  consists  of  three  layers;  one  input 
layer,  one  hidden  layer,  and  one  output  layer. 
Tangent  sigmoid  transfer  function  was  used 
for  the  hidden  layer,  and  linear  transfer 
function  was  used  for  the  output  layer.  The 
output  error  E(w,b)  to  be  minimized  by  ad¬ 
justing  weights  and  biases  is  defined  as 

£=4lk-o.)’.  a) 

k 

where  k ,  dk ,  and  Ok  represent  the  index  of 
output  layer  neurons,  the  desired  output,  and 
the  output  of  neural  network,  respectively. 
The  error  back-propagation  learning  algo¬ 
rithm  is  applied  with  the  momentum  method 
and  the  adaptive  learning  rate  method  in  or¬ 
der  to  improve  convergence  characteristics 
and  the  convergent  speed  [4]. 


Fig.l  Overall  architecture  for  NNC  with 
NNM. 


Fig.2  Connection  of  NNM  and  NNC. 


Neuro-  Con  t  roller 

Among  several  control  methodologies,  the 
indirect  model  reference  adaptive  controller 
has  been  used  in  this  study.  The  control 
system  consists  of  the  neuro-identification 


model  (NNM)  and  the  neuro-controller 
(NNC),  and  overall  architecture  of  the  con¬ 
troller  is  shown  in  Fig.l.  The  role  of  the 
NNM  for  the  plant  is  to  obtain  mathematical 
representation  of  the  real  plant.  The  weights 
and  biases  of  the  NNM  are  adjusted  so  that 
the  output  of  the  NNM  should  be  the  same  as 
that  of  the  plant. 

After  completing  the  forward  mod¬ 
eling,  the  tuning  for  weights  and  biases  of  the 
NNC  is  performed.  Because  the  desired 
output  value  of  the  NNC  is  not  explicitly 
given,  this  value  should  be  calculated  by  the 
error  backpropagation  through  the  NNM,  as 
shown  in  Fig.2. 

Real-time  adaptive  vibration  control 
Experimental  setup 

In  this  section,  the  real-time  adaptive  vibra¬ 
tion  control  experiment  has  been  performed. 
Fig.3  and  Table  1  show  the  configurations  of 
three  composite  specimens  prepared  for  the 
experiment.  Specimens  1  and  2  were  used 
for  the  single-mode  vibration  control  ex¬ 
periment  and  specimens  1  and  3  were  used 
for  the  multi-mode  control  experiment. 


Fig.3  Geometry  of  the  composite  beam. 


Fig.4  Experimental  set-up. 
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Table  1  Dimensions  and  configurations  of 


the  composite  beams 


Specimen  No. 

1  2  3 

Stacking  sequence  (Gr/Epoxy) 
Dimensions  of  host  structure 

[0/90], 

L*bxt(mm>) 

300x20x0.425 

Dimensions  of  piezo  ceramic 

Lp  xbpxtp  (mm3) 

50x20x0.2 

Actuator  location  a  (mm) 

20 

Added  masses  location  c  (mm) 

0  0  35 

Delamination  size  (mm) 

0  50  0 

Thickness  of  adhesive  (mm) 

0.04 

The  overall  real-time  experimental 
set-up  for  the  neuro-adaptive  vibration  con¬ 
trol  is  shown  in  Fig.4.  The  control  algorithm 
is  implemented  using  a  DSP  board  (dSPACE 
DS1102).  DS1 102  uses  TMS320C  DSP  chip 
of  Texas  Instrument  as  a  base  processor,  and 
is  equipped  with  4  A/D  and  4  D/A  converters. 
The  external  disturbance  is  generated  from 
the  source  channel  of  the  FFT  analyzer,  and 
the  laser  displacement  sensor  is  used  to 
measure  the  displacement  signal. 

Single  Mode  Control  Results 
Fig.5  (a)  and  (b)  show  the  changes  of  the 
frequency  response  functions  of  specimens  1 
and  2  due  to  the  application  of  the  control, 
respectiely.  These  frequency  responses  were 
obtained  by  applying  random  external  dis¬ 
turbance  (maximum  magnitude:  8V, 
frequency  range:  0-3.16  Hz).  We  can  see 
around  15~20  dB  vibration  reduction  of  the 
first  mode  for  both  specimens. 

Fig. 6  shows  control  results  when  the 
delamination  occurs  suddenly  during  control. 
It  is  difficult  to  make  delamination  abruptly 
during  the  experiment.  Therefore,  in  the 
course  of  the  control  of  the  specimen  1,  the 
weights  and  biases  of  the  NNC  and  NNM 
were  saved.  Then  the  specimen  was  replaced 
with  specimen  2  and  the  saved  weights  and 
biases  of  NNC  and  NNM  were  used  as  the 
initial  values  of  weights  and  biases  for  the 
next  control  experiment.  External  distur¬ 
bance  were  applied  continuously  as 


u  =  5  x  sin(6>,r)  (V). 

The  magnitude  of  the  sensor  signal 
was  reduced  to  about  5%  of  the  uncontrolled 
magnitude.  Despite  the  sudden  change  of  the 
system,  the  vibration  was  efficiently  sup¬ 
pressed.  These  results  show  that  the  present 
neuro-controller  has  effective  control  per¬ 
formance  in  real-time  experiment  even 
though  the  system  is  much  changed  abruptly. 


Fig.5  Vibration  control  results. 


Fig.6  Adaptive  vibration-control  results  when 
50%  delamination  occurs  under  per¬ 
sistent  disturbance. 

Multi-Mode  Control  Results 
For  the  adaptive  multi-modal  vibration  con¬ 
trol  using  neuro-controller,  adaptive  notch 
filter  is  used  to  separate  vibration  signals  into 
modal  vibration  signals.  Fig.7  shows  the 
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procedure  of  adaptive  notch  filter  and  modal 
NNC’s.  Using  recursive  least  square  method 
and  Bairstow  method,  the  natural  frequencies 
of  specimens  were  estimated  in  real-time  [5]. 
Two  NNC’s  are  connected  to  the  corre¬ 
sponding  modal  signals  so  as  to  generate 
proper  modal  control  forces.  Note  that  a 
NNC  without  such  modal  filtering  requires 
too  much  computation  for  the  real-time 
multi-modal  vibration  control. 

Fig. 8  shows  the  control  results  when 
location  of  the  added  masses  changes  sud¬ 
denly  during  control.  The  change  of  added 
mass  location  was  emulated  as  described  in 
the  previous  section.  External  disturbance 
were  applied  continuously  as 

u  =  5sin(ru/)+  20sin(tfy)  (V).  (3) 

Fig.8  (a)  shows  the  time  history  measured  by 
the  laser  displacement  sensor  and  Fig.8  (b) 
and  Fig.8  (c)  show  the  modal  vibration  sig¬ 
nals  from  the  modal  filters. 
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Fig.7  Block  diagram  for  adaptive 
multi-modal  vibration  control. 


Time  [sec) 

Fig.  8  Adaptive  multi-modal  vibration 
control  results. 
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Conclusions 

Neuro-adaptive  vibration  controls  of 
composite  beams  subject  to  sudden  system 
parameter  variations  have  been  experimen¬ 
tally  investigated.  Significant  vibration 
reductions  have  been  observed  using  the 
proposed  single  mode  neuro-controller.  In 
addition,  a  new  feedback  controller  consist¬ 
ing  of  modal  filter  and  modal 
neuro-controller  was  proposed  for  the 
real-time  adaptive  multi-modal  vibration 
control  of  the  composite  beam. 
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Abstract 

The  present  paper  shows  a 
delamination  detection  method  based  on  the 
low-degree  vibration  modes.  The  vibration 
characteristics  of  laminated  composite  beams 
and  plates  have  been  analyzed  by  using  a 
higher-order  FEM  model.  The  effect  of 
delamination  on  natural  frequencies, 
vibration  modes,  curvature  mode  shapes  and 
the  response  of  piezoelectric  sensors  has  been 
studied  in  detail  for  providing  the  valuable 
information  on  delamination  identification. 

Key  Words:  Delamination,  Vibration. 

Introduction 

Delamination  is  one  of  the  most 
common  damage  due  to  impact.  Many 
researches  have  been  done  to  determine  the 
changes  in  dynamic  response  of  composite 
materials  caused  by  delamination,  and  also  to 
identify  the  delamination  using  dynamic 
response  [1].  Curvature  mode  shapes  in  a 
low-degree  natural  vibration  give  useful 
information  to  detect  delamination  [2]  [3]. 

The  present  paper  studies  the  effect  of 
delamination  on  the  low-degree  vibration 
characteristics,  especially  on  curvature  mode 
shapes,  numerically  by  using  a  higher-order 
FEM  model  [4] [5].  The  validation  of  the 


present  numerical  results  is  examined  by  the 
comparison  with  the  existing  experimental 
and  analytical  results  [6]  [7].  It  is  shown  that 
we  can  detect  delamination  by  using  the 
curvature  mode  shapes  and  also  the  response 
of  piezoelectric  sensors. 

Numerical  Analysis  Method  by  FEM 

We  first  consider  a  cantilevered  beam 
with  a  delamination  as  shown  Fig.l .  In  order 
to  analyze  the  vibration  of  delaminated 
composite  laminates  with  moderate  thickness, 
a  FEM  model  based  on  a  simple  higher-order 
plate  theory  is  used  [4],  which  can  satisfy  the 
free  conditions  of  transverse  shear  strains  on 
the  top  and  bottom  surfaces  of  plates. 
Displacement  continuity  conditions  at  the 
delamination  front  are  implemented  using  the 
present  FEM  model.  The  FEM  model  also 
incorporates  the  effect  of  piezoelectric 
sensors  in  the  vibration  analysis  [5], 

The  laminate  considered  in  the 
present  paper  consists  of  T300/943 
graphite/epoxy  composites  and  the  material 
constants  of  lamina  are:  E\  \  =134  GPa,  E2 2  = 
10.3  GPa,  Gi2=  Gi3=  5.00  GPa,  G23=  3.28 
GPa,  v,2=  0.33  and  p=1.48  X  103  kg/m3.  The 
variation  of  natural  vibration  frequencies, 
vibration  modes  and  curvature  mode  shapes 
caused  by  delamination  is  analyzed  by  the 
present  finite  element  model  for  the  two 
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Fig.l  Geometry  of  A  [0/90]2S  Beam  and  Definition  of  Damage  Cases 


cases  of  a  cantilevered  beam  and  a  clamped 
plate  with  an  embedded  delamination. 

Numerical  Results 

Cantilevered  Beam  with  A  Delamination 

We  consider  a  cross-ply  beam  of  eight 
plies  [0/90]2s  shown  in  Fig.l.  The  dimensions 
are  127  X  12.7X1.02  mm  (5  X  0.5  X 0.04  in). 
Lengthwise  delamination  locations  are  at  the 
middle  of  beams  and  the  lengths  of 
delamination  and  beam  are  denoted  by  “a” 
and  “1”,  respectively.  For  the  different 
positions  of  delamination  along  the  thickness 
direction,  four  cases,  Cases  1  -4,  are  defined  as 
shown  in  Fig.l. 

Fig.2  shows  the  comparison  of  the 
present  numerical  results  and  the  existing 
results  [6]  [7]  for  the  fundamental  natural 
frequencies  where  the  present  finite  element 
model  uses  the  so-called  “constrained  model” 
that  there  are  strong  springs  between  the  node 
pairs  on  two  delaminated  layers.  In  this  case, 
the  upper  and  lower  delaminated  layers 
vibrate  together  without  opening  modes. 
From  this  figure,  it  can  be  found  that  good 
agreement  was  obtained  between  the  present 
method  and  those  in  [6] [7].  It  is  seen  that  the 
natural  frequencies  decrease  with  the 
delamination  length. 

The  variation  of  the  natural  vibration 
modes  due  to  delamination  is  shown  in  Fig.  3 
for  Case  4  with  25.4  mm  delamination 
(a/l=0.2).  The  natural  vibration  mode  is 
normalized  using  the  modal  deflection  at  the 
free  edge.  The  variation  of  the  natural 


Normalized  Delamination  Length  (ad) 

(a)  Case  1 


Normalized  Delamination  Length  (a/I) 

(b)  Case  3 

Fig.2  First  Natural  Frequencies  for 
Various  Delamination  Length 

vibration  mode  with  and  without 
delamination  is  so  small  that  we  cannot  detect 
delamination  from  the  information  of  natural 
vibration  modes. 

Next  we  examine  the  curvature  mode 
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shapes.  When  the  delamination  of  25.4  mm(l 
in)  length  (a/l=0.2)  is  located  at  the  different 
interfaces,  the  curvatures  of  the  first  and  third 
bending  modes  along  the  x-axis  direction  are 
shown  in  the  Fig.4.  The  curvatures  are 
normalized  using  the  curvature  at  the  fixed 
end.  In  these  figures,  it  can  be  seen  that  the 
curvature  changes  most  significantly  for  Case 
1,  i.e.,  the  mid-plane  delamination.  As  the 
delamination  leaves  from  the  mid-plane  to  the 
upper  surface  of  beam,  the  change  of 
curvature  becomes  smaller.  This  means  that 
the  delamination  reduces  the  stiffness  of 
laminates  most  significantly  when  it  is 
located  at  mid-plane.  It  can  also  be  found  that 
the  change  of  curvature  for  the  third  mode 
becomes  more  significant  as  compared  with 
that  for  the  first  mode.  Even  for  Cases  3  and 
4,  the  sudden  change  of  curvature  for  the  third 
mode  becomes  more  obvious  as  shown  in 
Fig.4. 

As  curvature  mode  shapes  are  similar 
to  strain  distributions  on  the  surface  of  the 
beam,  we  will  examine  the  response  of  PVDF 
piezoelectric  sensors  [8].  The  material 
properties  of  PVDF  sensors  are  E\\  =  E22  =  2.0 
GPa,  G\ 2=  Cr]3~  G23=0.8  GPa,  Vi2=0.25, 
/=0.003  in  (thickness),  p=  1.3  X  103  kg/m3, 
<^31=  -154  pm/V,  ^32=0.0  pm/V.  Delamination 
locations  are  at  the  middle  plane  of  the  beam 
along  the  thickness  direction  (Case  1).  The 
length  of  the  delamination  is  set  to  be  25.4 
mm  (1  in),  i.e.,  1/5  of  the  total  length  of  the 
beam.  The  beam  is  divided  into  20  elements 
as  shown  in  Fig.  5.  A  sensor  has  the  size  of 
one  finite  element  in  Fig.5  and  the  number  of 
sensors  is  20.  Then,  there  are  four  sensors 
within  a  delamination  area.  Fig.6  shows  the 
response  of  piezoelectric  sensors  at  the  top 
surface  layer  for  the  third  mode.  It  is  seen  that 
the  delamination  can  be  detected  clearly. 

Clamped  Plate  with  A  Delamination 

A  square  plate  with  clamped 
boundary  conditions  on  four  edges  as  shown 
in  Fig.7  is  considered.  The  dimensions  of  the 
plate  of  eight  plies  [0/90]2s  are  127  X  127  X 
1.02  mm  (5  X  5  X  0.04  in).  A  square 


Fig.3  Comparison  of  First  Natural 
Vibration  Mode  for  Intact  and 
Delaminated  Beams  (a/l=0.2) 


(a)  First  mode 


Normalized  Distance  (x/1) 

(b)  Third  mode 

Fig.4  Curvature  Mode  Variation  for 
Various  Delamination  Cases 
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Dclamination 


Fig.5  Delamination  Location  and 
FEM  Mesh 


Fig.6  Response  of  Piezoelectric  Sensors 
for  the  Third  Mode 


embedded  delamination  is  located  at  the 
center  of  plate  and  on  the  mid-plane  of  plate 
along  the  thickness  direction.  Now  we 
examine  the  response  of  PVDF  piezoelectric 
sensors.  The  16x16  mesh  division  with  the 
9-node  element  shown  in  Fig.7  is  used. 
Within  the  delamination  area,  there  are  16 
sensors  of  equal  size.  The  response  of 
piezoelectric  sensors  for  the  third  mode  along 
A-B  line  is  shown  in  Fig.8.  It  is  shown  that 
the  delamination  can  be  detected  clearly  when 
we  use  the  response  of  piezoelectric  sensors 
for  the  third  vibration  mode. 

Conclusions 

The  influences  of  delamination  on  the 
curvature  mode  shapes  and  the  piezoelectric 
sensor  responses  for  a  cantilevered  beam  and 
a  clamped  plate  have  been  studied.  It  was 
found  that  there  are  obvious  sudden  changes 
in  the  curvature  mode  shapes  and  thus  in  the 
piezoelectric  sensor  responses  if  the 
delamination  size  is  relatively  large.  These 
results  indicate  that  the  piezoelectric  sensors 


Dclamination 


Fig.7  Delamination  Location  and  FEM 
Mesh  for  Clamped  Plate 


Fig.8  Response  of  Piezoelectric  Sensors  for 
the  Third  Mode  in  A  Clamped  Plate 


can  detect  delamination  if  sensors  with  the 
size  smaller  than  the  delamination  area  are 
used. 
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Abstract 

This  paper  presents  modal-based  structural 
damage  detection.  Specifically,  we  focus  on 
localized  flexibility  properties  that  can  be 
deduced  from  the  experimentally  determined 
global  eigenvalues  and  their  modes.  We  de¬ 
scribe  the  underlying  damage  detection  the¬ 
ory  that  can  be  viewed  a  generalized  flexibil¬ 
ity  formulation  in  element  strain-basis.  The 
localized  flexibilities  are  applied  to  the  dam¬ 
age  detection  of  CFRP  laminates  having  in¬ 
terior  damage.  The  results  show  that  the 
damage  locations  indicated  as  the  change  of 
flexibility  are  identified  with  high  confi¬ 
dence. 

Key  words:  CFRP,  Damage  Detection,  Lo¬ 
calized  Flexibility,  Inverse  Analysis 

Introduction 

CFRP  laminated  composites  have  a  very 
favorable  strength  and  a  stiffhess-to-weight 
ratio  among  engineering  materials  and  these 
make  their  aerospace  applications  highly  de¬ 
sirable  and  weight  savings  translate  directly 
into  higher  performance.  A  major  concern  in 
using  these  composites  is  their  vulnerability 
to  impulsive  loadings  by  space  debris,  peb¬ 
bles  and  dusts.  This  is  because  crack  or  dam¬ 
age  caused  inter-laminar  delaminations  or  fi¬ 
ber-matrix  debonding  in  the  laminated  com¬ 


posites,  although  not  visible  on  the  surface, 
significantly  reduces  their  strength  and/or 
stiffness.  A  rational  method  for  detecting  the 
damage  location  and  the  damage  mecha¬ 
nisms  in  composites  can  therefore  facilitate  a 
wider  acceptance  of  composites  by  practic¬ 
ing  engineers.  To  this  end,  several  damage 
detection  methods  have  been  proposed,  whi¬ 
ch  include  ultrasonic  crack  detection,  wave 
propagation  and  scattering,  modal  testing, 
among  others  [1],[2].  We  have  applied  the 
localized  flexibility  method  to  damage  iden¬ 
tification  in  CFRP  laminated  beam  [3]. 

The  objective  of  the  present  paper  is  to 
offer  a  modal-based  damage  detection  tech¬ 
nique  by  relying  on  vibrations  test  data.  We 
describe  the  underlying  damage  detection 
theory  that  can  be  viewed  a  generalized 
flexibility  formulation  in  element  strain-basis. 
The  localized  flexibilities  are  applied  to  the 
damage  detection  of  CFRP  laminates  having 
interior  damage.  The  numerical  predictions 
are  compared  with  the  experimental  results, 
which  indicates  that  the  localized  flexibility 
changes  yield  both  accurate  identification  of 
damage  location  and  the  damage  levels. 

Localized  Flexibility  Formulation 

Global  Flexibility  Matrix 

The  discrete  energy  functional  II  for  a 
linear  damped  structure  can  be  expressed  as 
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n(«g)  =  ,8T(ivg-4D)>  k*  =  ?kl 

' K 1 

K  =  tf2  ,/gD  =  /g-Mgwg-CgMg 
K”‘ 

(1) 

where  wg  is  the  displacement  vector  of  the 
assembled  global  structure;  /gD  is  d’Alam- 
bert's  force  vector  that  consists  of  the  applied 
force  vector /g,  the  resisting  inertia  force  , 

and  the  dissipating  force  Cg«g .  KB,  Cg  and  Mg 
are  the  assembled  stiffness,  damping  and 
mass  matrix  of  the  structure,  respectively.  K 
is  the  block  diagonal  collection  of  unassem¬ 
bled  partitioned  substructural  stiffness  matri¬ 
ces  (s=l~n).  L  is  the  Boolean  assembly 
matrix  that  relates  the  assembled  global  dis¬ 
placement  to  the  substructural  ones.  The  su¬ 
perscript  ’  •  *  designates  time  differentiation, 
and  the  subscript  ‘g’  designates  ‘an  assem¬ 
bled  global  structure’  to  distinguish  from 
‘unassembled  partitioned  substructures’.  The 
discrete  damped,  time-invariant  linear  equa¬ 
tions  of  motion  for  vibrating  structures  can 
be  obtained  from  the  stationary  value  of  the 
preceding  discrete  energy  functional,  viz., 
8IT  =  0: 

The  input-output  relation,  referred  to  as  the 
Frequency  Response  Function  (FRF),  is  ob¬ 
tained  by  substituting  a  harmonic  form  of  the 
input-output  vectors  as 


and  solving  for  the  frequency-domain  output 

S.  =»,(«>)/,.  (4) 

H,{a)  =  (AT,  +  j<oC,-(i)X)"' 

where  Hg  (©)  will  be  called  the  ‘global’  FRF 
matrix  and  becomes  to  the  global  flexibility 


matrix  Fg  (=Kg'x  )  in  the  quasi-static  limit  (co 
— >0).  This  matrix  can  also  be  obtained  in 
terms  of  the  eigen  modes  matrix  <J>  and  ei¬ 
gen  values  matrix  A  as 
Fg  =  O  A-lOT ,  <D  JMg  O  =  / ,  <&TKg<t>  =  A  (5) 

Strain-Basis  Flexibility  Equation 

In  order  to  maintain  the  kinematical  com¬ 
patibility  along  the  partitioned  interfaces,  the 
displacement  vector  of  the  partitioned  sub¬ 
structures  u  must  satisfy  the  following  rela¬ 
tion: 

u  -  Lug  =  0  (6) 

where  u  are  the  collections  of  all  the  sub¬ 
structural  displacements.  Let  us  assume  that 
the  strain  output  s  can  be  related  to  the  sub¬ 
structural  displacement  u  according  to 

s-  Du  =DLug  (7) 

where  D  is  the  discrete  strain-displacement 
relation  matrix  that  can  be  derived  in  various 
ways,  e.g.,  by  relying  on  the  finite  element 
shape  functions.  By  introducing  a  Lagrange 
multiplier  vector  to  enforce  the  kinematic 
compatibility  condition  Eq.(6),  the  system 
energy  functional  expressed  in  terms  of  the 
global  nodal  variables  given  in  Eq.(l)  is 
transformed  into  the  two- variable  functional: 

n(s,  4)  =  5T( i  K,s -  /,) -  Aj  Bl  (s  -  DLug )  (8) 

K  =  DJK,D  . 

A  simple  expression  is  obtained  if  the  con¬ 
straint  operator  Bs  is  chosen  as  a  nullspace  of 
DL,  viz., 

Bl  (DL)  =  0  (9) 

So  that  the  stationary  condition  8n  =  0  of 
Eq.(8)  yields 

DLFgLJDr  =  PSTFSPS  (10) 

Ft  =  K;\  Pt  =/- B£Bj FsBj'BjFs 
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where  Fs  is  the  strain-basis  substructural 
flexibility  which  can  be  used  not  only  for  lo¬ 
calized  damage  detection  but  more  impor¬ 
tantly  for  identifying  damage  mechanisms. 

Applications  to  Damage  Detection  in 
Continuum  CFRP  Composites 

Analytical  Demonstration 

In  order  to  demonstrate  the  validity  of 
the  damage  detection  methods  outlined  in  the 
preceding  section,  a  quasi-isotropic  CFRP 
laminated  beam  having  width  of  15mm, 
length  of  180mm  and  2mm  thickness  and 
fixed  at  both  ends  was  chosen  as  an  example 
(see  Fig.l).  The  beam  was  divided  into  9 
same-size  plate  elements  in  the  Finite  Ele¬ 
ment  Method  (FEM)  and  the  bending  rigidity 
of  the  center(5th)  element  was  assumed  to  be 
85%  of  other  elements  due  to  the  damage. 
For  offering  the  relative  performance  of  this 
method,  the  global  flexibility  Fg  was  adopted 
as  an  inverse  of  the  global  stiffness  matrix 
that  was  obtained  from  the  corresponding 
FEM  analysis.  A  homotopy  iterative  proce¬ 
dure  [4]  was  then  used  to  obtain  the  strain- 
basis  flexibility  Fs  in  Eq.(10).  The  homotopy 
iteration  procedure  involved 


FV+.  =  e;  +  2?  £(>*,, *+I), 
rmMl  =  (DLFgLTDT  -  PtTFtP,)k, 
P>  =  I  -  Bt[Bj FtBj' Bj Ft 


based  on  the  strain-basis  flexibilities  not  only 
correctly  detected  the  damaged  5th  element 
but  also  computed  correctly  the  rigidity  ratio 
of  85%.  Next,  the  effects  of  the  damage  loca¬ 
tion  for  the  same  CFRP  laminated  beam 
were  investigated  by  varying  the  rigidity  in 
the  2nd,  3rd  and  5th  elements  via  the  strain 
based  flexibility  method  shown  in  Fig.3.  In 
the  case  of  Fig.2,  we  used  the  full  eigenval¬ 
ues  and  their  modes  for  calculating  the 
global  flexibility  matrix.  On  the  other  hand. 


Fig.l.  Patitioned  element  and  the  location 
of  strain  gage 


Fig.2.  Damage  detection  based  on  strain 
flexibility 


where  /?  was  an  iteration  parameter  and  E  ex¬ 
tracted  the  non-zero  attributes  of  the  as¬ 
sumed  strain-basis  flexibilities  from  rs.  For 
damage  detection  we  employed  the  follow¬ 
ing  rigidity  ratio  S'*: 

^  =diagF**>/„  )  =  diagfK^-“/  ) 

/  "damage  /  -^healthy 

(12) 


where  the  superscript  (ns)  designated  the 
substructural  component  or  degree  of  free¬ 
dom.  Fig.2  shows  that  the  damage  indication 


Fig.3.  Analytical  damage  detection  based  on 
strain  flexibility  for  various  damage  locations 
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the  global  flexibility  matrix  in  Fig.3  was  d- 
termined  by  the  first  three  eigenvalues  and 
their  modes.  Fig.3  shows  that  the  rigidity  ra¬ 
tio  of  the  damaged  elements  was  different 
somewhat  from  0.85  for  all  three  cases  but 
their  locations  were  correctly  determined. 

Application  to  Experimental  Data 

We  carried  out  the  damage  detection  by 
use  of  experimental  strain  data  of  the  CFRP 
quasi-isotropic  laminates.  The  strain  data 
measured  at  each  center  of  the  nine  elements 
on  the  beam  specimens  as  shown  in  Fig.l. 
The  impactor  dropped  to  the  center  of  the 
specimens  (element  5)  from  200mm  height 
and  this  impact  energy  was  1.16J.  This 
height  was  not  over  one  to  produce  the  fail¬ 
ure  of  the  specimen.  The  damaged  area  of 
the  specimen  after  impact  measured  by  a  d- 
trasonic  detection  method  and  determined  as 
90.2mm2.  This  area  less  than  that  of  element 
5.  The  strain  data  measured  at  the  center  of 
each  element  on  the  bottom  face  of  specimen 
as  shown  in  Fig.l.  The  beam  then  subjected 
to  modal  tests  with  impact  hammer  excita¬ 
tions.  The  FRFs  were  obtained  by  a  single 
input  and  multi-output  analyzer  and  the 
strains  at  the  nine  locations  were  measured 
in  order  to  obtain  the  first  three  eigenvalues 
and  eigenmodes.  Table  1  shows  the  calcu¬ 
lated  and  measured  first  three  natural  fre¬ 
quencies  of  the  none-damaged  and  the  dam¬ 
aged  CFRP  specimens.  For  the  none- 
damaged  specimen,  the  experimental  results 
agreed  with  the  FEM  ones.  All  of  the  natural 
frequencies  of  damaged  specimens  decreased 
to  none-damaged  ones  and  the  first  value 
was  most  influenced  among  the  three.  Using 
the  experimentally  determined  three  global 
strain  modes  and  their  eigenvalue^  rigidity 
ratios  indicated  as  the  flexibility  changes 
were  computed  and  they  are  shown  in  Fig.4. 
By  comparing  the  ultrasonic  detection  result 
with  the  present  result,  the  damage  location 
was  correctly  determined  for  the  impact  en¬ 
ergy  of  1.16J.  Furthermore,  the  bending  ri¬ 
gidity  of  the  element  5  was  supposed  to  be 
60%  of  undamaged  specimen. 


CONCLUSIONS 

The  main  features  of  the  present  study  arc 
summarized  as  follows: 

(1)  The  damage  detection,  namely,  the  esti¬ 
mation  of  global  flexibility  matrix  of  CFRP 
quasi-isotropic  laminates  has  been  carried 
out  by  use  of  analytically  or  experimentally 
determined  the  first  three  eigenvalues  and 
their  modes.  The  results  accurately  capture 
the  location  of  damage. 

(2)  In  the  case  of  using  the  impact  loading  to 
the  CFRP  specimen,  the  strain-basis  flexibl- 
ity  method  demonstrates  that  the  rigidity  of 
damage  location  is  assigned  to  some  value. 
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Table  1  Natural  frequencies  of  CFRP  laminates 


Specimen 

Natural  Frequencies 

UM _ 

1st 

2nd 

3rd 

Non-damage  (FEM) 

41E2 

1128 

2200 

Non-damage  (Exp.) 

404.8 

1091 

2102 

Damaged  (Exp.) 

390.0 

1086 

2083 

Fig.4.  Experimental  damage  detection  based 
on  strain  flexibility  for  the  damaged  specimen 
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Abstract 

Identification  of  the  location  and  size 
of  delamination  is  important  for  structural 
health  monitoring.  In  the  present  study,  a 
delamination  identification  method  using 
resonance  and  anti-resonance  frequency 
changes  is  proposed.  Resonance  frequencies 
and  anti-resonance  frequencies  of  the 
structures  are  changed  depending  on  the 
location  and  size  of  delamination.  Since  the 
resonance  and  anti-resonance  frequencies  are 
specified  easily  from  the  frequency  response 
function,  the  present  identification  method  is 
low  cost  and  applicable  to  any  structures.  The 
present  method  was  applied  to  delamination 
identification  of  graphite/epoxy 
clamped-clamped  beams. 

Key  Words:  Delamination  identification, 
Resonance  frequency,  Anti-resonance 
frequency 

Introduction 

Recently,  composite  laminated 
structures  have  been  applied  to  many 
structures  of  vehicles.  Since  interlaminar 
strength  of  composite  laminated  structure  is 
relatively  low,  internal  damage,  such  as 


delamination,  can  be  easily  induced  in 
service.  In  order  to  assess  integrity  of  the 
damaged  structures,  it  is  necessary  to  identify 
the  size  and  location  of  the  damage 
nondestructively. 

The  present  study  proposes  a 
delamination  identification  method  using 
resonance  and  anti-resonance  frequency 
changes.  For  simplicity,  delamination  is 
modeled  as  stiffness  degradation  of  the 
damaged  part.  In  order  to  examine 
effectiveness  of  the  present  method,  damage 
identification  of  a  graphite/epoxy 
clamped-clamped  beam  was  conducted  in 
analysis.  As  a  result,  it  is  shown  that  there  are 
good  agreements  between  actual  and 
predicted  damage  locations  and  sizes. 

Damage  Identification  Method  Using 
Resonance  and  Anti-resonance  Frequency 
Changes 

Many  researchers  have  investigated 
damage  identification  methods  using  the 
resonance  frequency  changes  [1-4].  However, 
the  resonance  frequency  change  method 
alone  may  not  be  sufficient  for  unique 
identification  of  damage  location  because  of 
its  symmetric  properties  [4].  For  example,  in 
symmetric  structures  like  a  clamped-clamped 
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beam,  the  appearance  of  the  resonance 
frequency  change  as  a  function  of  damage 
location  is  symmetric.  In  this  case,  two 
candidates  for  damage  location  are  obtained 
from  the  resonance  frequency  changes,  but  it 
is  impossible  to  select  the  correct  one. 

In  the  present  study,  a  two-stage 
damage  identification  method  using 
resonance  and  anti -resonance  frequency 
changes  is  proposed.  The  damaged  domain  is 
first  identified  from  the  anti-resonance 
frequency  changes,  and  damage  location  and 
size  are  identified  from  the  resonance 
frequency  changes  to  the  next.  In  order  to 
examine  effectiveness  of  the  present  method, 
damage  identification  of  a  clamped-clamped 
beam  is  conducted  in  analysis. 

Damaged  Domain  Identification  Using 
Anti-resonance  Frequency  Change 

Damaged  domain  identification  means 
identifying  the  domain  in  which  damage  is 
supposed  to  exist.  In  order  to  identify  the 
damaged  domain  in  a  structure, 
anti-resonance  frequency  changes  from  an 
intact  state  is  used. 

Fig.l  shows  a  clamped-clamped 
composite  beam  with  damage.  The  beam  is 
1.45mm  thick,  20mm  wide  and  300mm  long. 
ANSYS,  a  general-purpose  finite  element 
code,  was  used  to  analyze  frequency 
response  changes  of  the  beam  with  damage. 
The  stacking  sequence  of  the  beam  is 
[02/902]s,  and  damage  is  modeled  as  stiffness 
degradation  of  elements.  Table  1  shows 
material  properties  of  uni-directional 
graphite/epoxy  ply  used  in  the  analyses, 
where  subscript  1  means  the  direction 
parallel  to  the  fiber  and  subscript  2  and  3 
means  the  direction  perpendicular  to  the  fiber. 
In  order  to  model  damage,  the  longitudinal 
modulus  E\  of  the  ply  of  the  damaged 
elements  is  reduced  to  0.8£j.  This  equals 
about  20%  degradation  of  the  flexural 
modulus  of  [02/902]s  laminate. 

The  beam  is  divided  into  two  spanwise 
domains  as  shown  in  Fig.l.  Domain  A  is 
defined  by  0<x/L<0.5,  and  Domain  B  is 


defined  by  0.5<x/L<l.  Existence  of  damage 
between  actuating  point  and  measuring  point 
is  detectable  by  anti-resonance  frequency 
changes  from  an  intact  state.  In  order  to  use 
this  characteristics  of  anti-resonance 
frequency  changes  for  damaged  domain 
identification,  we  set  the  actuating  point  as 
x/f=0.05  and  the  measuring  point  as 
xtL- 0.45.  Since  the  boundary  of  the  domains 
corresponds  to  nodal  point  of  the  second 
flexural  mode,  its  peak  and  the  corresponding 
dip  are  undetectable  on  the  frequency 
response  measured  at  x/L= 0.5.  For  this 
reason  the  measuring  point  is  displaced  from 
x/L=0.5  to  jr/£=0.45. 


Actuationf  t//X). 05)  Mcasurcmcnt(.r7.=0  45 ) 


Domain  A  (CKr//.<0.5)  I  Domain  B  (0.5<x//,<1 )  J 


Length  /,=300mm 
Width  fr=20mm 
Thickness  /r=l  .45mm  _ 


Fig.l  Clamped-clamped  composite  beam 
with  damage 


Table  1  Material  properties  of 
unidirectional  graphite/epoxy  ply 


Longitudinal  modulus 

91.5GPa 

Transverse  modulus  E2(=E3) 

8.5GPa 

Longitudinal  shear  modulus  Guf^Gu) 

4.3GPa 

Transverse  shear  modulus  G23 

3.15GPa 

Major  Poisson’s  ratio  v^v^) 

0.31 

Transverse  Poisson’s  ratio 

0.35 

Density  p 

1466  kg/m3 

In  order  to  use  the  anti-resonance 
frequency  changes  for  damaged  domain 
identification,  we  use  a  non-dimensional 
parameter  D  as  follows. 


D,  = 


Vajj 


Kl+K 


xioo 


(i>l,  j  =  i+ 1)  (1) 


where  A /*,,•  and  AfRJ  mean  the  resonance 
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freqnency  changes  of  the  ith  and  the y'th  mode 
respectively.  A fa#  means  the  anti-resonance 
frequnecy  change  observed  between  the  ith 
and  the  jth  resonance  peaks  on  the  frequency 
response  diagram.  Fig.2  shows  damaged 
domain  identification  example  based  on 
parameter  D.  In  Fig.2,  case  I  and  case  II  show 
the  results  when  damage  is  located  in  domain 
A,  and  case  III  shows  the  result  when  damage 
is  located  in  domain  B.  Since  the 
anti-resonance  frequencies  may  decrease  on 
case  I,  we  set  a  threshold  line  of  decrement  as 
shown  in  Fig.2  with  a  dashed  line.  When  at 
least  one  of  the  parameter  Ay  is  larger  than 
the  threshold  ,  the  damaged  domain  is 
identified  as  Domain  A.  When  at  least  one  of 
them  is  smaller  than  the  line,  the  damaged 
domain  is  identified  as  Domain  B. 


Fig.2  Damaged  domain  identification 
example  based  on  parameter  D 

Damage  Identification  Using  Resonance 
Frequency  Changes 

Fig.3  shows  relations  between  damage 
location  and  the  first  three  resonance 
frequencies  of  the  flexural  modes  at  a 
constant  damage  size  (a/L= 0.12)  of  the 
clamped-clamped  beam  (shown  in  Fig.l). 
We  can  see  from  Fig.3  that  the  resonance 
frequency  changes  as  a  function  of  damage 
location  are  symmetric  to  the  center  of  the 
beam.  For  this  reason,  two  candidates  for 
damage  location  can  be  obtained  from  the 
resonance  frequency  changes,  but  it  is 
impossible  to  select  the  correct  one.  In  this 
study,  we  can  obtain  a  unique  damage 
location,  since  damage  location  and  size  are 


identified  after  the  damaged  domain 
identification. 


Damage  location  (l/L) 

Fig.3  Resonance  frequency  changes  of  the 
clamped-clamped  beam  with  damage 
(«/£=0.12) 

We  use  response  surfaces  for  damage 
identification.  Namely,  response  surfaces  are 
used  to  obtain  the  approximate  expressions 
of  relation  between  damage  parameters  and 
the  first  three  resonance  frequencies  of  the 
flexural  modes.  Since  the  resonance 
frequency  changes  are  symmetric  to  the 
domain  boundary  as  shown  in  Fig.3,  we 
make  only  the  response  surfaces  for  damage 
identification  for  Domain  A.  For  simplicity, 
we  use  polynomial  response  surfaces.  For 
example,  the  quadratic  polynomial  response 
surface  of  three  variables  is  expressed  as 
follows. 

y=Po+  A*1  +  02*2  +  +  PaA  +  05*1  (2) 

+  06X23  +  PnX,X  2  +  A*2*3  +  A*3*, 

where  y  is  damage  location  or  size,  and 
jc,(/=1,2,3)  is  the  resonance  frequency  of  each 
flexural  mode.  In  order  to  obtain  good 
approximate  results,  cubic  polynomial 
expressions  are  adopted  in  practical.  We 
make  response  surfaces  of  the  damage 
location  and  size  respectively  from  39  data 
sets.  Adjusted  coefficients  of  decision  of  the 
response  surfaces  are  i?2adJ(iocation=0.63  and 
tf2adj.size=0.83  respectively. 


917 


Damage  Identification  Results 

In  order  to  examine  effectiveness  of 
the  present  method,  damage  identification  of 
a  clamped-clamped  beam  is  conducted  based 
on  analytical  data.  The  damaged  domain  is 
identified  first  from  the  anti-resonance 
frequency  changes,  and  the  damage  location 
and  size  are  identified  from  the  resonance 
frequency  changes  to  the  next. 


Fig.4  Damaged  domain  identification 
results  of  the  clamped-clamped  beam 
{qlL= 0.1) 


normalized  by  the  beam  length.  We  used  two 
anti-resonance  frequency  changes  for 
damaged  domain  identification.  One  is  D\2 
and  the  other  is  D34.  By  setting  the 
appropriate  threshold  as  shown  in  Fig.4,  we 
can  identify  the  damaged  domain  correctly. 
Based  on  the  results  of  FEM  analyses,  we  set 
the  threshold  as  -50. 

Fig.5  shows  comparison  between 
actual  and  predicted  damage  locations.  For 
simplicity,  we  show  only  the  case  that  the 
normalized  damage  size  is  a/L= 0. 1 .  Though  a 
few  data  sets  were  not  considered  in  the 
response  surface  of  damage  location,  the 
identified  values  are  well  agreed  to  the  actual 
ones.  Though  it  is  not  shown  in  the  paper,  we 
can  also  identify  the  damage  sizes  precisely. 
The  mean  identification  error  of  the  damage 
sizes  is  about  7%.  The  damage  identification 
results  based  on  analytical  data  clearly  show 
effectiveness  of  the  present  damage 
identification  method  using  resonance  and 
anti-resonance  frequency  changes. 

Conclusions 


Actual  location  (/  !L  ) 


This  study  describes  the  damage 
identification  method  using  resonance  and 
anti-resonance  frequency  changes.  In  order 
to  examine  effectiveness  of  the  present 
method,  damage  identification  of  a 
clamped-clamped  beam  was  conducted.  As  a 
result,  it  is  shown  that  the  damage 
identification  method  using  resonance  and 
anti-resonance  frequency  changes  is 
effective  in  identifying  damage  locations  and 
sizes. 


Fig.5  Comparison  between  actual  and 
predicted  damage  locations  (alL= 0.1) 

Fig.4  shows  damaged  domain 
identification  results  of  the  clamped-clamped 
beam  based  on  parameter  D  at  normalized 
damage  size  is  a/L= 0.1.  In  the  figure,  the 
vertical  axis  is  the  value  of  parameter  D,  and 
the  horizontal  axis  is  damage  location 
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Abstract 

Thermoelastic  stress  measurement 
is  a  useful  nondestructive  evaluation 
technique  that  can  be  in-situ  applied.  In 
order  to  apply  it  quantitatively  to  composite 
laminates,  thermal  conduction  from  inner 
layer  and  in-plane  conduction  of  surface 
layer  affecting  thermoelastic  stress 
measurement  was  examined  in  this  paper. 
The  reason  of  this  heat  conduction  can  be 
ascribed  to  the  fact  that  each  layer  generates 
different  levels  of  heat  by  the  thermoelastic 
effect.  Two-dimensional  finite  element 
analysis  was  conducted  here  to  evaluate  this 
heat  conduction  effect.  Consequently,  it  was 
clarified  that  thermoelastic  stress 
measurement  could  be  quantitatively  applied 
to  conventional  stacking  sequences  of 
laminate  composites.  It  was  also  obtained 
that  thermoelastic  stress  measurement  data 
must  be  carefully  dealt  with  if  the  surface 
layer  generates  relatively  low  heat 
thermoelastically. 

Key  Words:  thermoelastic  stress 

measurement,  thermal  conduction,  FEA, 
stress  concentration 


Introduction 

A  solid  body  shows  thermoelastic 
temperature  change  caused  by  load  under 
adiabatic  condition,  similarly  in  mechanism 
but  to  much  less  extent  than  gaseous  body. 
By  utilizing  this  phenomenon,  thermoelastic 
stress  measurement  technique  was 
established.  This  technique  provides  the  sum 
of  principle  stress  changes  in  the  surface  of 
isotropic  solid  body  through  a  temperature 
measurement  corresponding  to  a  load 
change  by  using  infrared  thermo-camera.  A 
cyclic  load  is  required  for  an  accumulation 
of  data  to  improve  S/N  ratio  in  temperature 
change  data.  The  thermoelastic  stress 
measurement  takes  only  reversible  stress 
amplitude  in  principle.  So,  effect  of 
viscoelasticity  and  internal  friction  are  not 
taken  into  account  in  measuring  temperature 
data. 

In  the  case  of  CFRP  laminates, 
however,  thermal  conduction  from  inner 
layer  (out-of-plane)  and  in-plane  conduction 
occur,  affecting  thermoelastic  stress 
measurement  because  each  layer  shows 
different  generated  heat  by  thermoelastic 
effect  or  because  stress  concentration 
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generates  more  heat.  So,  this  thermal 
conduction  should  be  examined  to  make 
sure  the  meaning  of  measured  data. 
Two-dimensional  finite  element  analysis 
was  conducted  here  to  evaluate  this  heat 
conduction  effect  and  numerical  results  were 
compared  with  experimental  results. 

Finite  Element  Models 

Finite  element  code  ANSYS  was 
used  in  this  paper  to  examine  a  heat 
conduction  effect  from  inner  layer  to  the 
surface  of  CFRP  laminates.  Heat  convection 
on  the  surface  was  also  calculated  in  some 
cases.  Two  dimensional  8-node  heat  transfer 
element  was  used.  Two  types  of  the 
problems  are  assumed:  One  case  is  a  no-hole 
model  shown  in  Figure  1.  This  figure  shows 
a  normal  section  to  the  loading  direction  in 
the  smooth  specimen  without  a  hole.  The 
other  case  is  a  model  with  a  circular  hole, 
shown  in  Figure  2.  The  smooth  model  was  a 
half  of  an  actual  section  and  the  hole  model 
was  taken  to  a  quarter  of  the  whole  section 
due  to  the  symmetry  derived  from  adiabatic 
conditions. 


/• 


Figure  1  FEA  model  for  smooth  laminate  plate. 


Figure  2  FEA  model  for  laminate  plate  with 
a  circular  hole. 


Calculation  procedures  for  smooth 
laminate  models 

Two  stacking  sequences  A: 
(45/-45/0/90)s  and  B:  (0/90/45/-45)  s  were 
considered  and  compared  with  experimental 
results  3).  The  calculation  procedure  is  as 
follows: 

(1)  Nominal  stresses  were  calculated 
with  a  uniform  strain  in  the  lamina 
and  elastic  constants  of  the  whole 
laminates. 

(2)  A  stress  in  each  layer  was  calculated 
from  nominal  stresses  using  the  classical 
lamination  theory. 

(3)  Stresses  in  each  layer  were  converted  to 
stresses  in  fiber  and  transverse 
directions. 

(4)  A  generated  heat  amplitude  in  each  layer 
was  obtained. 

(5)  These  amplitudes  were  used  as  thermal 
input  settings  in  FEA  and  the  shape  of 
generated  heat  in  each  layer  was 
assumed  as  a  sinusoidal  function. 

(6)  A  temperature  distribution  in  a  surface 
node  was  obtained  after  enough  time  to 
achieve  periodically  stable  state. 

Three  boundary  conditions  were  assumed  as 

follows: 

(a)  With  no  conduction  between  layers  and 
no  convection  on  the  surface  (boundary 
condition  #2  in  Figure  3). 

(b)  With  conduction  between  layers  and  no 
convection  on  the  surface  (boundary 
condition  #3). 

(c)  With  conduction  between  layers  and 
convection  on  the  surface  (boundary 
condition  #4). 

Calculation  procedures  for  circular  hole 
models 

In  order  to  focus  in-plane  heat  conduction 
under  some  stress  concentration,  laminate 
composite  model  with  a  circular  hole  was 
considered.  The  FEA  results  were  compared 
with  a  theoretical  result.  The  calculation 
procedure  is  as  follows: 

(1)  Nominal  stresses  in  the  far  field  point 
from  the  circle  were  calculated  with  a 
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uniform  strain  and  elastic  constants  of 
the  whole  laminates. 

(2)  A  stress  distribution  shape  of  a 
homogeneous  isotropic  plate  with  a  hole 
was  assumed  and  multiplied  by  the 
nominal  remote  stress  for  determining 
specific  stress  levels. 

(3)  Stresses  at  each  node  were  calculated 
from  the  above  stress  distribution  and  by 
using  the  classical  lamination  theory. 

(4)  Stresses  in  each  layer  were  converted  to 
stresses  in  the  fiber  and  transverse 
directions. 

(5)  A  generated  heat  amplitude  in  each  layer 
at  each  node  was  obtained. 

(6)  These  amplitudes  were  used  as  thermal 
input  settings  in  FEA  and  the  shape  of 
generated  heat  in  each  layer  was 
assumed  as  a  sinusoidal  function. 

(7)  A  temperature  distribution  in  a  surface 
node  was  obtained  after  enough  time  to 
achieve  periodically  stable  state. 

Boundary  conditions  were  the  same  as 
smooth  laminate  models. 

Results  of  Finite  Element  Analysis 

Smooth  laminate  models 
Temperature  histories  at  surface  nodes  were 
obtained  by  the  procedure  mentioned  above. 
The  experimental  and  FEA  results  with  three 
boundary  conditions  are  shown  in  Figure  3 
for  laminates  A  and  B.  In  the  results  of 
laminate  A  with  a  45  surface  layer,  boundary 
condition  #2  (no  heat  conduction  and 
convection  considered)  provides  a  little 
higher  temperature  amplitude  than  the 
experimental  value.  Conditions  #3  and  #4 
provide  very  similar  results  to  the 
experiment.  In  the  laminate  B  with  0  surface 
layer,  condition  #2  gives,  however,  almost 
null  amplitude  and  quite  different  from  the 
experimental  value.  Conditions  #3  and  #4 
lead  to  similar  results  to  the  experiment.  The 
later  case  (laminate  B)  shows  a  typical 
example  of  an  effect  of  heat  conduction 
between  layers.  The  reason  of  this  effect  is 
considered  that  a  0  surface  layer  generates 
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Figure  3  Comparison  of  temperature 
amplitudes  in  the  surface  of  laminate 
composites,  A:  (45/-45/0/90)s  and  B: 
(0/90/45/-45)s,  with  FEA  and  experimental 
results. 

1:  experiment 

2:  with  no  heat  conduction  between  layers 
and  no  convection  on  the  surface 
3:  with  heat  conduction  between  layers  and 
no  convection  on  the  surface 
4:  with  heat  conduction  between  layers  and 
convection  on  the  surface 


much  less  heat  than  inner  layers  of  90,  45 
and  -45  directions.  In  the  case  of  a  45 
surface  layer,  the  generated  heat  there  is 
close  to  the  average  of  generated  heat  in  all 
layers.  Hence,  even  no  heat  conduction 
condition  provides  a  reasonable  result  in  the 
case  of  laminate  A.  The  heat  convection  at 
the  laminate  surface  was  also  examined  with 
a  boundary  condition  #4  and  the  result  is 
shown  in  Figure  3.  There  was  no  significant 
difference  between  #3  and  #4.  So,  heat 
convection  on  the  surface  can  be  negligible 
in  the  present  thermoelastic  stress  analysis. 

If  we  check  time  histories  in  temperature 
change,  there  is  no  phase  shift  between 
histories  of  the  surface  temperature  and  load 
for  condition  #2.  However,  a  phase  shift  can 
be  observed  for  conditions  #3  and  #4.  Heat 
conduction  can  be  ascribed  to  one  of  the 
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main  source  of  the  phase  shift  appearing  in 
actual  measurements. 

Circular  hole  models 

In  the  same  way  of  smooth  laminate  model, 
calculations  for  circular  hole  models  were 
conducted  in  laminate  A  case.  Two  loading 
frequencies,  5  and  20  Hz,  were  assumed. 
The  temperature  amplitude  distributions  at 
the  surface  along  the  center  line 
perpendicular  to  the  load  are  calculated. 
From  the  calculated  results,  the  in-plane  heat 
conduction  affects  very  little  to  temperature 
amplitude  distribution  at  remote  points  from 
the  hole  edge.  The  temperature  amplitude  in 
FEA,  however,  leads  to  slightly  lower 
amplitude  than  the  theoretical  result  at  a 
hole  edge.  This  fact  is  considered  as  an 
effect  of  in-plane  heat  conduction.  The 
temperature  amplitudes  by  FEA  for  5  and  20 
Hz  and  the  theoretical  results  at  the  circle 
edge  of  the  calculated  line  are  detailedly 
compared  in  Figure  4.  This  reduction  of 
stress  concentration  depends  on  the 
frequency  and  higher  frequency  makes  it 
closer  to  theoretical  value.  The  temperature 
amplitude  with  5  and  20  Hz  are  83  and  90  % 
of  theoretical,  respectively.  A  thermoelastic 
stress  measurement  result  must  be  carefully 
examined  at  a  stress  concentration  region. 


EQ  FEA  (5  Hz)  (heat  conduction 
between  Layer®  and  no  heat 
convection  on  surface  and 
edges) 

□  FEA  (5  Hz) (heat  conduction 
between  Layers  and  heat 
convection  on  surface  and 
edges) 

D  FEA  (20  Hz)  (heat  conduction 
between  Layers  and  no  heat 
convection  on  surface  and 
edges) 

B  FE  A  (20  Hz)  (heat  conduction 
between  Layers  and  heat 
convection  on  surface  and 
edges) 

0  Theoretical  temperature 
amplitude  (no  heat  transfer 
between  layers  and  surface) 


Figure  4  Comparison  of  temperature 
amplitudes  at  the  hole  edge  on  the  surface 
between  FEA  results  of  5,  20  Hz  and  the 
theoretical  result. 


Conclusions 

The  thermoelastic  stress 
measurement  can  be  applied  to  quantitative 
stress  measurement  for  composite  laminates 
with  a  45  layer  surface  of  common  stacking 
sequence  in  the  aerospace  composite 
structures.  In  such  a  laminate,  heat 
conduction  from  inner  layers  can  be  almost 
neglected.  The  heat  convection  effect  on  the 
surface  is  found  to  be  negligibly  small.  On 
the  other  hand,  it  was  uncovered  that 
thermal  conduction  must  be  considered  for  0 
surface  laminates  where  very  low  heat  is 
generated  thermoelastically.  Another 
important  finding  is  that  the  phase  shift 
between  load  and  temperature  histories  is 
mainly  caused  by  the  heat  conduction. 

It  is  also  clarified  that  in-plane  heat 
conduction  effect  is  not  significant  in  the 
remote  region  from  stress  concentration  for 
laminates  with  a  circular  hole.  It  should  be 
noted  that  FEA  data  at  the  hole  edge  is  less 
than  the  no  heat  conduction  solutions  where 
as  adiabatic  condition  is  considered.  If  a 
sharp  stress  concentration  exists,  it  is 
suggested  that  the  calculated  stress 
amplitude  at  the  highest  concentration  will 
be  relaxed  by  considering  heat  conduction. 
These  conclusions  suggest  a  possible 
application  of  thermoelastic  stress  analysis 
to  quantitative  measurement  for 
multi-directional  laminate  composites. 
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Abstract 

Low  cost  high  fiber  count  (24  to 
360K)  carbon  fiber  tows  and  high  areal 
weight  glass  fabrics  increase  the  affordability 
of  liquid  molded  composite  structures.  This 
paper  explores  the  effect  of  bundle  size  on 
the  tow  impregnation  during  liquid  molding 
processes.  Resin  and  fiber  wetting  properties, 
fiber  tow  count  and  fiber  volume  fraction 
play  an  important  role  on  the  resin 
infiltration  behavior  within  a  single  fiber  tow. 
A  dynamic  microflow  model  based  on 
Darcy's  Law  assumes  that  the  infiltration  of 
the  resin  is  driven  through  capillary  pressure 
within  the  tow.  The  model  indicates  that  the 
infiltration  time  is  ten  times  longer  for  a  60K 
carbon  fiber  tow  than  a  6K  carbon  fiber  tow. 

Keywords:  Microflow,  Tow  Impregnation 

Introduction 

Many  large-scale  composite 
structures  such  as  bridge  decks,  ship  hulls, 
buses  and  train  cars  are  fabricated  using 
Vacuum  Assisted  Resin  Transfer  Molding 
(VARTM)  processes.  During  the  1990’ s,  the 
demand  for  low  cost  carbon  fibers  has 
increased  for  commercial  applications  in 
sporting  goods,  infrastructure  and 
automotive  industries.  Fiber  suppliers  have 
responded  to  this  need  by  offering  large 
count  tows  produced  from  lower  cost 
precursors.  A  comparison  of  the  cross¬ 


sectional  dimensions  of  6K  to  360K  tows  is 
shown  in  Figure  1A.  There  has  also  been  a 
trend  in  the  glass  preform  industry  to 
increase  the  areal  weight  of  2-D  fabrics  and 
the  renewal  of  interest  in  3-D  woven  glass 
fabrics  such  as  3Weave™  by  3Tex  (see 
Figure  IB),  which  have  tightly  packed  glass 
rovings.  The  time  for  complete  infiltration 
of  these  large  fiber  count  carbon  tows  and 
glass  rovings  is  expected  to  increase  with 
tow  size  and  may  require  optimization  of  the 
VARTM  process  to  achieve  low  void  content 
composites.  A  dynamic  infiltration  model, 
developed  for  VARTM  processes,  will 
predict  the  resin  infiltration  into  a  tow  versus 
time. 


(A)  (B) 

Fig.  1  (A)  Relative  Tow  Cross-Sectional 
Area  (B)  Photograph  of  Glass  Fabric 
(3 Weave™  by  3Tex) 

Theorectical  Approach 

There  have  been  many  papers 
published  on  the  flow  in  dual-scale  porous 
media  in  the  past  10  years  due  to  the  increase 
in  affordability  of  RTM  and  VARTM 
processing.  Some  have  focused  on  the 
difference  between  the  intratow  and  intertow 
flow  [1-2],  while  other  have  focused  solely 
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on  the  flow  through  aligned  fiber  beds 
(intratow)  [3-6].  The  importance  of  capillary 
forces  in  the  flow  front  were  highlighted  in 
References  [7-9].  The  influence  of  bundle  or 
yarn  size  on  tow  impregnation,  considered  in 
this  paper,  has  been  limited  in  the  focus  of 
papers  in  the  literature. 

Infiltration 

When  high  fiber  count  tows  or  rovings  are  in 
a  unidirectional  fabric,  or  woven  into  a  2-  or 
3-D  fabric,  there  tends  to  be  a  channel  of  air 
between  each  tow  prior  to  resin  infiltration. 
The  tows  are  assumed  to  be  circular  in  cross- 
section  (radius  r0)  consisting  of  many 
circular  fibers  (radius  rr)  arranged  in  a 
hexagonal  pattern  separated  by  a  distance  2d 
throughout  the  infiltration  process  (Fig.2). 
During  VARTM  processing,  the  resin  is 
assumed  to  first  encapsulate  the  fiber  tow 
(macroflow)  and  then  flow  radially  into  the 
tow  and  wet  the  fibers  (microflow).  One  can 
assume  that  the  tow  will  infiltrate  at  the  same 
rate  along  the  entire  circumference  of  the 
tow  (i.e.  axisymmetric).  A  quarter-cross¬ 
section  of  the  tow  during  infiltration  is 
shown  in  Fig.  3.  The  initial  tow  radius  is 


Fig.  2  Schematic  of  Meniscus  between 
Three  Fibers 


On  the  microscale,  the  infiltration  of  the 
fiber  tow  is  governed  by  the  wetting  of  the 
fiber  by  the  resin.  The  extent  of  wetting  can 
be  defined  with  the  wetting  contact  angle,  0, 
measured  from  the  tangent  to  the  fiber  at  the 
fiber/resin  contact  as  shown  in  Fig.  2.  A 
directional  body  angle,  a,  also  shown  in  Fig. 
2,  can  be  defined  as  the  angle,  which 
describes  the  location  of  the  meniscus 


between  two  fibers  as  measured  from  the 
horizontal  [10]. 


Fig.  3  Diagram  of  Resin  Infiltration 
Inside  the  Fiber  Tow 

As  the  resin  meniscus  moves  through  the 
fibers  within  the  tow,  it  is  driven  through 
thermodynamic  considerations  of  the  surface 
tensions  of  the  fiber  and  matrix  through 
capillary  pressure.  If  the  capillary  pressure 
goes  to  zero  or  the  meniscus  becomes  flat  the 
driving  force  is  zero  and  the  flow  will  stop. 
The  variation  in  capillary  pressure  can  be 
expressed  as  a  function  of  fiber  radius,  fiber 
spacing,  contact  angle,  resin  surface  tension, 
yLV,  and  directional  body  angle  as  shown  in 
equation  (1)  [10]. 

-yLV  cos(8  +  a) 

'capillary  ”  Ff  (l.cosa)  +  d  '  ’ 

Dynamic  Microflow  Model 

A  transverse  infiltration  model  of  resin  into  a 
fiber  tow  has  been  developed  to  determine 
the  time  required  to  completely  infiltrate  the 
fiber  tow.  The  model  based  on  Darcy's  Law, 
Equation  (2),  expressed  in  cylindrical 
coordinate  system,  will  allow  one  to 
determine  the  rate  of  transverse  infiltration  of 
the  fiber  tow,  q .  In  equation  (2),  Kp  is  the 
transverse  permeability,  rj  is  the  Newtonian 
viscosity,  and  P  is  the  pressure  on  the 
advancing  resin  meniscus.  Assuming  that 
there  is  no  entrapped  air  within  the  tow,  the 
pressure  used  is  the  capillary  pressure  of  the 
meniscus. 


Tl(l-vf)  dr 
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If  we  assume  that  the  infiltration  takes 
place  from  r0  to  rj ,  with  a  constant  capillary 
pressure,  then  the  infiltration  time.  At,  can  be 
calculated  using  the  following  equation. 


At  =  ri(l-vf)r02 


-21n  — 


A  A 


roAr0 


-1 


(3) 


The  infiltration  is  therefore  a  function  of 
the  fiber  volume  fraction,  tow  count, 
transverse  permeability,  capillary  pressure 
and  the  viscosity  of  the  resin.  The 
infiltration  will  be  complete  once  the 
infiltration  front  reaches  the  center  of  the  tow 
(ri  =  rf/r0). 


adjacent  fibers  (a=0°).  The  capillary 
pressure  is  of  the  same  magnitude  as  the 
vacuum  pressure  (101  kPa)  in  the  VARTM 
process.  A  lower  contact  angle  is  preferred 
for  increased  capillary  pressure.  As  can  be 
seen  in  Fig.  4,  the  peak  capillary  pressure  for 
a  contact  angle  of  5°  is  almost  twice  that  of 
the  45°  contact  angle. 
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Fig.  4  Capillary  Pressure  Results 
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Results 

Microflow  Model  Inputs 

The  dynamic  microflow  model,  developed  in 
the  previous  section,  was  applied  to  a  carbon 
fiber  reinforced  vinyl  ester  composite  system 
to  see  if  the  increase  in  carbon  fiber  tow 
count  would  substantially  change  the 
infiltration  time  of  the  tow.  The  tow  counts 
of  60K,  24K  and  6K  were  chosen  with  fiber 
volume  fractions  of  0.8  and  0.5  for 
investigation.  The  Derakane  411-C-50  vinyl 
ester  resin  was  determined  to  exhibit 
Newtonian  behavior  in  the  range  of  shear 
rates  encountered  in  VARTM  with  an 
average  viscosity  of  100  cps.  The  resin 
surface  tension  of  35.4  dyne/cm  and  an 
average  contact  angle  of  30°  were  also 
assumed  [11].  The  permeability  was 
calculated  using  a  lubrication  approximation 
developed  by  Bruschke  [12]. 

Capillary  Pressure 

The  capillary  pressure,  Equation  (1),  can  be 
expressed  in  graphical  form  as  a  function  of 
directional  body  angle,  a,  and  contact  angle, 
0,  as  shown  in  Fig.  4.  The  maximum 
capillary  pressure  occurs  when  the  meniscus 
is  located  at  the  centerline  between  the  two 


Dynamic  Microflow  Model 

Assuming  that  there  is  no  entrapped  gas  in 
the  fiber  tow  prior  to  infiltration,  one  can  use 
equation  (3),  with  an  average  capillary 
pressure,  to  determine  the  infiltration  ratio  as 
a  function  of  time.  The  infiltration  time 
versus  infiltration  ratio  is  shown  in  Fig.  5. 
When  rj/r0  is  equal  to  1,  the  tow  is  empty, 
when  rjr0  approaches  zero,  the  tow  is 
considered  full.  As  the  fiber  volume  fraction 
increases,  the  average  fiber  to  fiber  spacing 
decreases  which  causes  a  seven  times 
increase  in  the  capillary  pressure  term  (4.7  to 
31.2  kPa)  and  a  significant  decrease  in  the 
permeability  (2.21  x  10'13  to  3.41  x  10'15  m2). 
The  several  orders  of  magnitude  decrease  in 
permeability  causes  the  infiltration  time 
needed  to  meet  a  typical  1%  void 
requirement  to  increase  from  16.0  to  55.6 
seconds  for  a  60K  circular  tow.  The 
infiltration  time,  to  reach  a  1%  void 
requirement,  for  a  60K  tow  is  ten  times 
greater  than  the  6K  tow:  (16.0  and  1.6 
seconds)  at  the  50%  fiber  volume  fraction 
and  (55.6  and  5.6  seconds)  at  the  80%  fiber 
volume  fraction.  This  ten  times  difference  in 
infiltration  time  was  expected  since  the 
infiltration  time  equation  (3)  is  contains  a 
square  of  the  tow  radius  term  which  is 
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directly  related  to  the  number  of  fibers  in  a 
tow,  N,  by  equation  (4).  For  two  tows  of 
equal  fiber  type  and  volume  fraction,  one 
predicts  that  their  infiltration  time  is  directly 
scaled  with  their  tow  count. 

ro=rf2vfN  (4) 


1  0.8  0.6  0.4  0 2  0 

Infiltration  Ratio  (rjrj 

Fig.  5  Dynamic  Model  Results 

The  dynamic  model  results  indicate  that 
the  effect  of  the  fiber  volume  fraction  within 
the  tow  and  the  tow  count  have  a  significant 
effect  on  the  minimum  infiltration  time.  In 
actual  composites,  after  the  arrival  of  the 
macroflow  to  the  vent,  additional  infiltration 
time  is  warranted  to  ensure  that  the  tows 
have  been  completely  wetted  through  the 
microflow  process.  This  additional 
processing  time  can  be  minimized  by 
maximizing  the  capillary  pressure  and 
minimizing  the  entrapped  air  within  the  fiber 
preform. 

Conclusions 

The  effect  of  carbon  fiber  tow  count 
on  the  microflow  behavior  within  a  single 
tow  in  liquid  molding  processes  was 
investigated.  The  dynamic  microflow  model, 
developed  in  this  paper,  assumed  that  the 
infiltration  was  driven  solely  by  capillary 
pressure.  The  capillary  pressure  can  be 
increased  by  decreasing  the  fibcr/resin 
contact  angle  as  well  as  increasing  the  resin 
surface  tension.  The  model  shows  that  the 
fiber  volume  fraction  within  the  tow  and  the 
tow  count  have  a  significant  effect  on  the 


infiltration  time.  The  infiltration  time  is 
directly  related  to  the  tow  count.  As  the  tow 
count  is  increased  from  6K  to  60K,  the 
infiltration  time  will  increase  10  times. 
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Abstract 

An  electric  resistance  change  method 
is  successfully  applied  to  the  delamination 
detections  of  CFRP  laminates.  In  the  present 
study,  orthotropic  electric  resistances  of 
CFRP  laminates  of  three  volume  fractions  of 
carbon  fiber  are  measured  experimentally. 
That  reveals  significant  change  of  orthotropic 
electric  resistances  due  to  the  small  change  of 
the  volume  fraction.  The  effect  of  the 
orthotropic  electric  resistance  change  on 
electric  resistance  measurements  for 
delamination  detection  is  investigated  using 
FEM  analyses.  For  the  analyses,  beam  type 
specimens  of  cross  ply  laminates  are 
employed.  Results  obtained  are  followings. 
(1)  Electric  resistances  of  thickness  direction 
and  transverse  direction  change  significantly 
due  to  the  small  change  of  fiber  volume 
fraction.  (2)The  mechanism  of  delamination 
detection  with  electric  resistance  change 
method  was  elucidated.  (3)  Electrodes  should 
be  mounted  on  fiber  direction. 

Key  Words:  Electrical  properties. 
Delamination,  Smart  structure,  FEM. 

Introduction 

Composite  laminates  have  low 
delamination  resistance,  and  that  causes 
delamination  by  slight  out-of-plane  impacts. 


Since  the  delaminations  are  usually  invisible 
or  difficult  to  detect  by  visual  inspections, 
automatic  systems  for  delamination 
identifications  in-service  are  desired. 
Recently,  an  electric  resistance  change 
method  is  employed  to  identify  the  internal 
damages  of  CFRP  laminates  [l]-[3].  Since 
this  method  adopts  reinforcement  carbon 
fiber  itself  as  sensors  for  damage  detections, 
this  method  does  not  cause  reduction  of  static 
strength  or  fatigue  strength,  and  applicable  to 
existing  structures.  Moreover,  the  electric 
resistance  change  method  does  not  cause 
increase  weight. 

In  the  present  research,  a  relationship 
between  fiber  volume  fraction  and  the 
orthotropic  electric  conductance  are 

experimentally  measured.  The  effects  of 
orthotropic  electric  conductance  are 

investigated  and  the  effect  of  electric  current 
charging  direction  is  also  investigated  using 

the  conductance  measured  by  the 

experiments. 

Experimental  measurement 

In  order  to  investigate  a  relationship 
between  the  fiber  volume  fraction  and 
electric  conductance,  unidirectional 
laminates  of  three  types  of  carbon  fiber 
volume  fraction  were  fabricated.  The 
material  employed  here  is  Q-lll  2500: 
unidirectional  carbon  fiber/epoxy  prepreg 
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produced  by  Toho  Rayon  Co.,  LTD.  The 
conductance  of  longitudinal,  transverse  and 
thickness  direction  was  experimentally 
measured  using  the  different  small  size 
specimens.  In  order  to  measure  the  electric 
resistance  of  the  specimen,  silver  paste  is 
painted  as  electrodes.  The  results  of  the 
measurement  are  shown  in  Table.  1 . 

Table  1  Fiber  volume  fraction  Vf  and 
Electric  conductance  a 


Vf 

o  o(S/m) 

O  90/  <J  0 

a  ,/cr  o 

0.40 

3700 

1.8X10"1 

1.6X10*5 

0.47 

4600 

1.1  X10'3 

2.2  X104 

0.62 

5500 

3.7  X10‘2 

3.8  XI  O'3 

Measured 

values 

of  electric 

conductance  of  a  t  and  o  90  are  significantly 
smaller  than  a  0,  but  they  are  not  zero.  Since 
carbon  fiber  is  not  straight  but  a  wavy 
configuration  in  practical  composites,  fiber 
contact  exists  in  the  transverse  and  thickness 
direction.  Besides,  a  t  is  smaller  than  a  90, 
due  to  a  resin  rich  interlamina  Since  the  fiber 
contacts  depend  on  the  fiber  volume  fraction, 
the  value  of  a  t  and  a  90  vary  significantly  by 
the  slight  change  of  the  fiber  volume  fraction. 

Effect  of  orthotropic  electric  conductance 

Computational  method  and  model 
FEM  analyses  are  employed  for 
investigations  of  the  effect  of  the  orthotropic 
electric  conductance  using  the  experimental 
results  of  conductance.  An  adopted 
five-electrode-beam  specimen  was  analyzed 
as  shown  in  Fig.l.  Two  types  of  stacking 
sequences  are  computed  here;  [0/90]s  and 
[90/0]s.  Thickness  of  a  ply  is  fixed  to  0.5mm. 
Electrodes  are  mounted  on  the  surface  of  the 
laminates,  in  order  to  investigate  the  effect  of 
delamination  creation  and  matrix  crack.  FEM 
analyses  of  two  types  of  damages  were 
performed  as  shown  in  Fig.l  and  Fig.2 
respectively.  FEM  analyses  are  performed 
using  a  commercially  available  FEM  tool 
named  ANSYS.  Four-node-rectangular 


elements  are  adopted  for  the  analysis,  and  the 
size  of  the  each  element  is  approximately 
0. 125mm.  By  using  the  auto  mesh  generation 
system  of  ANSYS,  the  specimen  model  is 
divided  into  approximately  19200  elements 
of  the  2-dimentional  elements.  In  order  to 
analyse  electric  current  density  and  electric 
resistance  change,  direct  current  of  30mA  is 
charged  from  the  electrode  A  to  electrode  B 
and  electrode  B  is  fixed  to  0V. 


]40mm 


Fig.l  Specimen  with  delamination  [0/90]s 

12  3  4 


Fig.2  Specimen  with  matrix  crack  [0/90]s 

Result  of  internal  voltage  contour 
The  internal  voltage  contour  of  an 
orthotropic  material  is  shown  in  Fig.3.  The 
abscissa  is  the  location  between  the  electrode 
A(-70mm)  and  B(0mm).  The  ordinate  is  the 
location  of  the  thickness  direction  of  the 
specimen. 


-70  -60  -50  -40  -30  -20  -10  0 


Fig.3  Internal  voltage  contour  [0/90]s 

In  the  case  of  orthotropic  material,  the 
current  mainly  flows  into  the  0-ply  of  the  top 
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surface  of  the  specimen.  The  electric  current 
in  the  thickness  direction  flows  gradually  as 
shown  Fig.3.  When  a  delamination  exists 
between  the  top  0-ply  and  90-ply,  the  current 
into  the  thickness  direction  is  disturbed  by 
the  delamination.  That  causes  electric 
resistance  change  observed  at  the  segment. 

Electric  current  density 
The  electric  current  density  of  x-direction 
outside  the  charged  segment  is  computed. 
Delamination  locates  between  x=-57.5mm 
and  x=-47.5mm  at  the  interlamina  between 
the  upper  0°ply  and  the  middle  90°ply  (the 
size  is  10mm).  Current  is  injected  from 
electrode  A  to  B.  The  electric  current  density 
of  x-direction  at  x=-20mm  outside  the 
segment  is  shown  in  Fig.4. 


V 


Delamination 
location  -52.5  mm 
Size  10  mm 


C  D 


[0/90]  s 


E 


Fig.4  Electric  current  density 


Effect  of  charging  direction 
In  order  to  investigate  the  effect  of  charging 
direction,  two  types  of  stacking  sequence, 
[0/90]  s  and  [90/0]  s,  are  adopted  and  the 
electric  voltage  distribution  is  computed 
respectively.  Delamination  locates  between 
x— 57.5mm  and  x=-47.5mm  at  the 
interlamina  between  the  upper  0°ply  and  the 
middle  90°ply  (the  size  is  10mm).  Three  sets 
of  conductance  measured  by  the  experiments 
are  employed.  The  current  is  charged  from 
the  electrode  A  to  the  electrode  B.  Surface 
voltage  of  [0/90]s  and  [90/0]s  between  the 
electrode  A  and  B  is  showed  in  Fig.  6  and 
Fig.  7  respectively.  The  abscissa  is  the 
location  of  the  longitudinal  direction  and  the 
ordinate  is  the  electric  voltage  distribution. 
Electrode  A  corresponds  to  x=-70mm,  and 
electrode  B  corresponds  to  x=-35mm  in  these 
figures. 


xlO"3 


Fig.6  A V/V  of  the  [0/90]s 


The  abscissa  is  the  electric  current 
density  of  x-direction  (Dx)  and  the  ordinate  is 
the  location  of  thickness  direction.  Negative 
electric  current  density  exists  in  the  top  0°ply, 
and  the  positive  electric  current  exists  in  the 
bottom  0°ply  as  shown  in  Fig.4.  This  implies 
that  the  circular  electric  current  exists  outside 
the  charged  segment.  For  this  circulation,  the 
electric  voltage  distribution  due  to  the 
delamination  is  observed  outside  the  charged 
segment.  This  causes  the  electric  resistance 
change  in  the  segment  adj  ascent  to  the 
segment  where  a  delamination  exists. 


x  J0-3 


Fig. 7  D*  of  the  [90/0] s 

The  voltage  change  at  the  electrode  A  means 
an  existence  of  electric  resistance  change 
between  the  segment.  As  shown  in  Fig.6, 
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electric  resistance  changes  can  be  observed 
for  the  laminates  of  [0/90]s  except  for  the 
case  of  Vf=0.40.  On  the  other  hand,  electric 
resistance  changes  can  not  be  observed  for 
the  laminates  of  [90/0]s  because  no  voltage 
change  is  observed  at  the  electrode  A  as 
shown  in  the  Fig. 7.  The  result  reveals  that  we 
should  charge  electric  current  to  the  fiber 
direction. 

Results  of  electric  resistance  change 
Effects  of  damages  of  delamination  and 
matrix  crack  on  the  electric  resistance 
measurements  are  investigated. 
Delamination  locates  between  x=-26mm  and 
x=-18mm  and  the  size  is  8mm.  Matrix  crack 
locates  at  x=-22mm.  In  the  case  of  [0/90]s, 
matrix  crack  locates  in  the  middle  90°ply.  In 
the  case  of  [90/0]s,  matrix  crack  locates  in 
the  surface  0°ply. 

X 

2.5 
2.0 

1.5 
1.0 
0.5 
0.0 

12  3  4 

Segment  number 

Fig.8  AR/R  of  [0/90]  s 

xIO-3 

2.5 

2.0 

1.5 
1.0 
0.5 
0.0 

12  3  4 

Segment  number 

Fig.9  AR/R  of  [0/90] s 

The  electric  resistance  change  due  to  the 
delamination  and  the  matrix  crack  are  shown 
in  the  Fig.8  and  Fig.9.  The  abscissa  is  the 


[90/0]s 
Rn~3.7  n 


Delamination 

Location  22  mm 
Sbe  8mm 

Matrix  crack 

I/Cic.Kkin  22nmi 
Size  0.5nim 


[0/90]  S 
lRo=1.8Q 


*  Delamination 

Location  -22  mill 
Size  8  mm 

°  Matrix  crack 

location  -22  mm 
Size  1mm 


segment  number  and  the  ordinate  is  the  AR/R. 
The  delamination  and  the  matrix  crack  locate 
in  the  segment  2.  For  the  laminate  of  [0/90]s, 
the  AR/R  due  to  the  delamination  is  observed 
in  several  segment  and  the  AR/R  due  to  the 
matrix  crack  is  observed  only  in  the  segment 

2.  For  the  laminate  of  [0/90]s,  on  the  other 
hand,  the  AR/R  due  to  the  delamination  is  not 
observed  and  the  AR/R  due  to  the  matrix 
crack  is  observed  in  the  segment  2.  This 
indicates  that  for  the  laminate  of  [90/0]s  only 
the  matrix  crack  is  detected  and  the 
delamination  can  not  be  detected. 

Conclusions 

(1)  The  relationship  between  fiber 
volume  fraction  and  electric  conductance  is 
experimentally  measured,  a  90  and  o  t  are 
significantly  smaller  than  o  0,  and  they  vary 
depend  on  the  fiber  volume  fraction.  (2)  The 
strong  orthotropic  electric  resistace  makes 
gradual  electric  current  in  the  thickness 
direction,  for  the  laminate  of  [0/90]s.  The 
current  in  the  thickness  direction  detects  the 
delamination  existence.  (3)  The  electrode 
should  be  mounted  on  the  fiber  direction. 
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Abstract 

Mechanically  fastened  joints  are 
widely  used  for  composite  structures. 
Damage  in  bolted  joints  occurs  by  bearing 
load,  but  it  is  difficult  to  detect  the  damage 
because  the  damaged  area  is  hidden  by 
lapping.  In  order  to  detect  the  damage,  the 
electric  potential  method  is  applied 
experimentally  to  bolted  joints  and  the 
damage  propagation  is  observed  by  visual 
and  ultrasonic  inspections.  As  a  result,  it  is 
shown  that  the  damage  of  bolted  joints  of 
composite  structures  is  detectable  by  the 
method. 

Key  Words:  Composites,  Bolted  joint, 
Damage  detection.  Electric  potential  method 

Introduction 

Mechanically  fastened  joints  are 
widely  used  for  composite  structures. 
Damage  in  bolted  joints  occurs  by  bearing 
load.  It  is  difficult  to  detect  the  damage  using 
conventional  damaged  inspection  methods, 
such  as  ultrasonic  and  X-ray  inspection, 
because  the  damage  area  is  hidden  by 
lapping. 

In  order  to  detect  the  damage,  the 
electric  potential  method  [1,2]  is  applied 


experimentally  to  bolted  joints.  The  electric 
potential  method  is  to  detect  damage  by 
measuring  the  electric  potential  change  of  a 
structure  before  and  after  damage  initiation. 
Carbon  fiber  reinforced  composites  have 
anisotropy  of  electric  resistance.  Damage 
away  from  electrodes  may  cause  in  the 
electric  potential  change  because  of 
anisotropy. 

In  this  study,  the  electric  potential 
change  is  measured  during  the  tensile  test, 
and  the  damage  propagation  is  observed  by 
visual  and  ultrasonic  inspections.  As  a  result, 
it  is  shown  that  the  damage  of  bolted  joints  of 
composite  structures  is  detectable  by  the 
method. 

Specimens 

Prepregs  of  Toho  rayon  co.  (Qllll 
2500)  were  laminated.  The  laminate  was 
cured  with  electrodes  at  130°C  for  1.5  hours. 
Then  specimens  as  shown  in  Fig.  1  were  cut 
out.  A  bolt  hole  is  located  at  one  end  and 
GFRP  tabs  were  glued  at  the  other  end. 
Stacking  sequence  is  [O2/ ±  45]s. 
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Table  1  Specimens 


Specimen  # 

#i 

Before  the  knee  point  (A) 

#2 

After  the  knee  point  (B) 

#3 

After  enough  load  drop  (C) 

#4 

Fig.l  Specimen  Configuration 
Experiments 

Instrumental  configuration  is  shown 
in  Fig.2.  Tensile  tests  at  cross-head  speed  of 
0.4mm/min  were  carried  out.  During  tensile 
tests,  applied  load  was  held  and  unloaded  to 
observe  the  state  of  damage  and  measure  the 
resistance  change,  and  re-loaded.  Since  the 
resistance  change  is  very  minute,  it  is 
amplified  using  a  bridge  circuit  and  a  signal 
conditioner. 


Results 

The  Electric  Resistance  Change 
A  typical  load-displacement  relationship  is 
shown  in  Fig.3.  Vertical  axis  represents  load 
and  horizontal  axis  represents  displacement. 

Load  increases  linearly  up  to  the  knee 
point.  Meanwhile,  the  electric  resistant 
change  is  almost  zero  although  it  shows 
slight  decrease.  The  electric  resistant  change 
increases  suddenly  at  the  knee  point.  After 
the  knee  point,  the  electric  resistant  change 
continues  to  increase  steadily. 


Four  specimens  are  prepared,  and 
tensile  tests  of  specimen  #  1  and  2  are 
stopped  at  before  and  after  the  knee  point 
respectively.  Specimen  #  3  and  4  are  stopped 
after  enough  load  drop  (Table  1).  After 
stopping  tensile  test  the  damage  propagation 
is  observed  by  ultrasonic  inspection  (made 
by  Hitachi  construction  machinery)  and  a 
microscope. 


Fig.2  Instrumental  Configuration 


As  a  result,  the  electric  resistance 
change  is  induced  by  the  damage  that  occurs 
around  the  knee  point. 


Fig.3  Electric  Resistance  Change 
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Electric  resistance  change[ji] 


(a)Photograph  (b)  Surface  Echo 


Delamination 


Discussion 

The  electric  resistant  change 
increases  rapidly  by  damage  initiation.  Then 
the  electric  resistant  change  increases  slightly 
although  the  damage  propagates  to  wide  area. 
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The  electric  current  is  passed  inside 
fiber  to  longitudinal  direction  and  between 
fibers  due  to  fiber  contact  to  transverse  and 
thickness  directions.  Though  it  is  supposed 
that  there  are  many  routes  of  the  electric 
current,  the  electric  resistant  change  might  be 
dominated  by  the  electric  current  that  is 
passed  at  damaged  area  and  that  is  shown  by 
a  thick  arrow  in  Fig.8.  The  electric  current  at 
the  rim  of  the  bolt  hole  is  passed  fiber  contact 
from  -45°  lamina  to  45°  lamina.  The  rapid 
electric  resistant  change  is  caused  by  cracks 
that  propagate  at  the  interlayer  between  45° 
lamina  and  -45°  lamina.  The  progress  of 
bearing  damage  causes  the  steady  electric 
resistant  change  because  it  hardly  affects  the 
electric  current  pass. 


Hole 

Electric  current 
Electrode 


Fig.8  Electric  Current  of  I02/±45]s 


Conclusions 

A  Damage  detection  method  of 
bolted  joints  using  the  electric  potential 
method  was  experimentally  investigated.  As 
a  result,  it  is  shown  that  the  damage  of  bolted 
joints  of  composite  structures  is  detectable  by 
the  method. 
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Abstract 

Recently  attempts  are  made  to  develop  a 
smart  material  by  combining  composite 
laminates  with  embedded  shape  memory 
allys  (SMA).  In  the  present  study,  a  stress 
analysis  of  a  CFRP  laminate  with  embedded 
SMA  foil  is  conducted.  A  symmetric 
cross-ply  laminate  with  embedded  SMA  foil 
is  considered.  Thermal  residual  stress  is 
calculated  which  will  be  useful  in  discussion 
of  damage  development  under  mechanical 
loading  which  follows. 

Introduction 

Fiber  reinforced  plastic  is  often  used  as  a 
multidirectional  laminate  and  the  thermal 
residual  stresses  arise  when  it  is  used  at  the 
temperature  which  is  different  from  the  curing 
temperature  due  the  difference  in  the  thermal 
expansion  coefficient  of  each  layer.  It  is 
known  that  thermal  residual  stresses  induce 
matrix  cracks. 

On  the  other  hand,  some  attempts  are 
made  to  embed  SMA  in  composite  laminate  in 
order  to  suppress  damage  initiation  by  using  the 
shape  memory  effect  of  SMA  [1].  However, 
analytical  modeling  of  effect  of  SMA  on  the 
mechanical  properties  of  composite  laminates 


including  stress  analysis  is  not  well  established. 

In  the  present  paper,  stress  analysis 
procedure  of  composite  laminates  with 
embedded  SMA  foil  is  described.  As  an 
example,  thermal  residual  stresses  in  each 
layer  of  CFRP  [0/90/SMA/90/0]  laminate  is 
shown.  This  analytical  procedure  will  be  a 
basis  for  the  laminate  design  using  SMA. 

Analysis 

Analysis  of  SMA 

Transformation  of  SMA  is  controlled  by  free 
energy  as  a  driving  force.  Research  in 
transformation  kinetics  has  been  done  and 
various  analytical  models  are  proposed.  In 
the  present  study,  an  analytical  model  which 
was  developed  by  Kobayashi  [1]  by 
extending  Brinson  model  [2]  is  used. 

For  completeness,  Brinson  model  is 
briefly  reviewed  in  the  following.  The 

stress-strain-temperature  relation  is 

expressed  by  the  following  equation. 
da  =  Iif,  4,  T)de  +  n(«,  £  7jrf£ + @(e,  4,  T)dT(  1 ) 
am-eLD(s,4,T)  (2) 

0  =  -aD(e,4,T)  (3) 

S  =  S  (o,T)  (4) 

and  where 

<7  is  stress  tensor,  e  is  strain,  T  is 
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temperature,  £  is  martensite  variant 
volume  fraction,  D  is  elasticity  tensor,  0 
is  heat  elasticity  tensor,  0  is 
metamorphosis  tensor,  sL  is  maximum 
metamorphosis  strain. 

Martensite  variant  volume  fraction  depends 
on  the  current  values  of  stress  tensor  a , 
temperature  T  .  Brinson  proposes  dividing 
martensite  variant  volume  fraction  which  is 
an  internal  condition  variable  into  two,  that 
is, 

4  =  (5) 


where 

%s  is  stress  induced  martensite  variant 
volume  fraction,  is  temperature  induced 
martensite  variant  volume  fraction. 

In  the  present  study,  an  SMA  which 
has  R  (Rhombohedral)  variant  condition 
under  a  certain  stress  and  temperature 
condition  is  considered.  Kobayashi  [1] 
extended  Brinson’s  model  [2]  to  consider  the 
R  variant  metamorphosis.  In  Kobayashi 
model,  eq.(5)  is  modified  as 

£  =  (6) 

(?) 

£*=#+#  (8) 
and  where  superscirpts  R  andA</  denote  R 
variant  and  martensite  variant,  respectively. 


Because  4s  anc*  4r  are  functions  of  both 
stress  and  temperature,  it  can  be  shown  that 

dC  =^da  +  ^fdT  (?) 

dtf^^dv  +  ^dT  (10) 

da  of 

Finally,  we  have  an  incremental  constitutive 
equation  as  follows: 

-  TjFf  7TT 

*  Dte]dc  - 1 D{syt'  +  a(t)D(^dT 

(ID 

where 

D(|)  =  |*Z)„+|*'Z)„+|-<Z)/1  (12) 

a(f)  =  |Ra„+fMiOM+|',«,  (13) 


4"+4u+4a  =1  (14) 

«*=#+#  05> 

4“  =4? +4?  =4?  (16) 

and  where  superscript  A  denote  austenite 
variant. 


Stress  analysis  of  composite  laminate  with 
embedded  SMA  foil 

Consider  a  symmetric  cross-ply  laminate 
with  embedded  SMA  foil  as  shown  in  Fig.2. 
It  is  assumed  that  all  the  layers  are  perfectly 
bonded,  thus  the  strains  of  all  the  layers  are 
the  same  as  that  of  the  laminate.  For 
simplicity,  one-dimensional  analysis  is 
conducted. 

Fig.2  Laminate  configuration  considered 

o°piy 
90°ply 
SMA  foil 
90°ply 

o°piy 

CFRP[0/90/SM  A/90/0] 


Stress  change  in  each  layer  can  be 
expressed  as 
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dax  =  EK{ds-axd'T) 

(17) 

da2  -  E2  {ds  -  a2dT) 

(18) 

d<r3  =  £3  {ds  -  a3dl) + d<rR 

(19) 

where  a  is  stress,  £  is  Young’s  modulus, 

ds  is  strain  change,  a  is  thermal 
expansion  coefficient,  dT  is  temperature 
change  and  daR  is  recovery  stress  in  SMA. 
Subscripts  1,  2  and  3  denote  0°  layer,  90° 
layer  and  SMA  layer,  respectively. 

If  we  consider  only  temperature 
change  (external  force  is  zero),  it  follows 
that  from  equilibrium, 
dc r,/,  +  da2t2  +  da3t3  =  0  (20) 

which  results  in 

^  _  {cXyEjy  JrGc2ErLt2  +a3E3t3)dT-d<jRt3  . 

Eltl+E2t2+£,t3  1  ' 

By  substituting  eq.(21)  into  (19),  it  follows 
that 


WU7  —  - 

£l*I  +  E2t2  +  E3^3 

—in 

+  £,(,  +E2t2  ^ 

E\*\  +EzA  +E3^3 

~  XdT  +  Yd<yR 
where 

Y  —  ~  a3  )E\ h  +  (#2  ~Cl3>}E2^2 

(22) 

£]?,  +E2t2  +£3/3 

(23) 

Y  —  ^1*1  ^  EzA 

E\t\  +E2t2  +E3t3 

(24) 

Now,  we  rewrite  eq.(ll)  as 
dcr3  =  A{D{%)ds  -  BdT) 
where 

(25) 

A-  1 

l  +  s?D(z)?tS-  +  e«LD(4)?f- 

da  da 

(26) 

=  ZdT  -  WdaR  (28) 

where 

z  =  -  AB 

+E2t2  +  E3t3 


W  =  AD{%)- 


(29) 

Ext\  +E2t2  +  E3t3 
By  equating  eqs.(21)  and  (28),  we  obtain 
Z-X  _ 

(31) 


da„  = 

*  w+r 


dT 


Finally  we  have 

15 

E\t |  +^2^2  +E3t- 
~dcrR 


—  ia2  a\)^2+{a3  )^3^3 


dT 


E\t\  +  E2t2  +  £3?3 


(32) 


d<72  - 


_  (°^i  (^3  ^2)^3^ 

£[f]  + E2t2  +  E3t3 

Elh 


dT 


E\t\  +E2t2  +  E3t. 


-d<70 


(ax-a3)E,tx+(a2-a2)E2t2 

E\t  j  +  £2?2  +  £3^3 
£1^  +E2t2 


(33) 


dT 


Ed  1  +  E2t2  +  E3t- 


-doB 


(34) 

Now,  we  can  determine  the  thermal  residual 
stress  in  each  layer  of  CFRP  cross-ply 
laminates  with  embedded  SMA  foil. 


B  =  D(f)e?  +  D(4VL 

(27) 

By  substituting  eq.(20)  into  (25),  it  follows 
that 


Results  and  discussion 

An  example  of  thermal  residual  stresses  in  a 
CFRP  cross-ply  laminate  with  embedded 
SMA  foil  is  shown  here.  The  material 
properties  used  and  the  condition  considered 
are  as  follows 
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SMA 

Young’s  modulus  [GPa] 

Em'.  15.0,  Ea'.  50.0,  Er.  15.0 
Thermal  expansion  coefficient  [/°C] 
ccM:  IO.OxIO^IO.OxIOV^IO.OxIO-6 
Transformation  maximum  strain 
0.050,  £rl  \  0.0060 
Transformation  start  point  [°C] 

Ms:  -1.7,  As:  47.9,  Rs:  49.7 
Transformation  finish  point  [°C] 

Mf  -28.0,  A/.  61.5,  R/.  38.3 
Metamorphosis  line  inclination  [MPa/°C] 

Cm'  3.57,  CA\  6.02,  Cr.  18.0 
Thickness:  40  [jim] 

CFRP  (T700H/2500) 

Young’  Modulus  (0°  ply):  113[GPa] 

Young’  Modulus  (90°  ply):  8.39[GPa] 
Thickness:  180  [p.m] 

Cure  temperature:  130°C 

Table  2  shows  the  thermal  residual  stress  in 
each  ply  in  both  laminates  with  and  without 
SMA  foil  at  25°C  when  cooled  from  130°C. 
It  is  seen  that  the  compressive  thermal  stress 
in  0°  ply  is  lower  in  laminates  with  SMA 
foil.  The  tensile  thermal  residual  stress  in 
90  0  ply  is  higher  in  laminates  with  SMA 
foil.  This  analysis  can  also  be  used  in  a 
stress  analysis  under  mechanical  loading. 


Table  2  Thermal  residual  stress  in  each  ply 
of  CFRP  laminates  with  and  without  SMA 
foil  at  at  25°C  when  cooled  from  130°C. 


Stress  [MPa] 
(Without  SMA) 

Stress  [MPa] 
(With  SMA) 

0°  Ply 

-22.1 

-6.38 

90°  ply 
SMA 

22.1 

23.3 

-152 

arises  when  cooled  from  the  curing 
temperature  is  calculated.  This  analysis 
will  be  useful  in  discussion  of  damage 

development  under  mechanical  loading 
which  follows. 
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Conclusions 


In  the  present  study,  a  stress  analysis  of  a 
CFRP  laminate  with  embedded  SMA  foil  is 
described.  Symmetric  cross-ply  laminates 
with  and  without  embedded  SMA  foil  are 
considered.  Thermal  residual  stress  which 
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Abstract 

Recently,  many  investigations  on  intelligent 
materials  which  can  sense  the  change  of  the 
environment  and  can  control  its  properties.  One  of 
the  most  promising  candidates  of  constituent 
materials  used  in  intelligent  composite  systems  is 
shape  memory  alloys  (SMA).  In  the  present 
study,  SMA  fiber  reinforced  epoxy  composites  are 
fabricated  and  its  mechanical  properties  are 
investigated.  The  effect  of  SMA  surface 
treatment  on  the  fiber/matrix  interfacial  fracture 
toughness  is  discussed  through  a  single  fiber 
pull-out  test.  Tensile  tests  are  performed  to 
discuss  the  effect  of  SMA  recovery  stress,  fiber 
surface  treatment  and  heat  treatment  on  the 
mechanical  properties  of  SMA  fiber/epoxy 
composites. 

Key  words:  Shape  Memory  Alloy,  Interface, 
Single  Fiber  Pull-out  Test 

Introduction 

SMA  shows  shape  memory  effect  and 
superelastic  behavior  which  is  attractive  when  used 
in  intelligent  composite  materials.  Many  studies 


have  been  conducted  on  fundamental  mechanical 
properties  of  SMA  [1]  and  its  use  in  smart 
materials  [2],  A  composite  material  which  is  made 
of  reinforcing  SMA  fibers  and  matrix  metals  or 
plastics  are  expected  to  be  intelligent  materials. 

In  the  present  study,  we  fabricate  composite 
system  which  uses  SMA  fiber  as  a  reinforcing 
fiber  and  epoxy  matrix.  If  the  SMA  fiber  is  used 
with  prestrain  and  heat  treatment  is  performed 
after  composite  fabrication,  it  is  expected  that 
compressive  stress  arises  in  the  matrix  and  the 
composite  exhibit  higher  strength  than  that 
without  prestained  fibers.  We  also  performed 
single  fiber  pull-out  tests  on  SMA  fiber/epoxy 
composite  to  measure  the  fiber/matrix  interfacial 
fracture  toughness.  The  effect  of  fiber  surface 
treatment  (acid  cleaning)  on  the  interfacial 
fracture  toughness  is  evaluated  experimentally. 

Experimental  procedure 

Materials 

A  Ti-Ni  SMA  fiber  is  used  as  the  reinforcement  of 
the  composite  system.  The  fiber  diameter  is 
about  50//m.  The  Austenite  start  point  (As)  is 
about  100°C.  A  bisphenol  A  type  epoxy 
(Epikote815)  and  triethylene  hardener  are  used. 
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The  resin  is  cured  at  50°C  for  thirty  minutes  and  at 
80°C  for  eighty  minutes. 

Tensile  tests  on  SMA  fibers 
A  tensile  test  is  conducted  to  study  the  mechanical 
properties  of  the  SMA  fiber,  Furthermore,  a 
loading-unloading  followed  by  heating  procedure 
is  performed  to  obtain  the  relation  between  the 
total  strain,  the  residual  strain,  the  recovery  strain 
and  the  recovery  stress. 


5.  Prestrained  SMA/Epoxy, 

6.  Prestrained  SMA/Epoxy  (heat  treatment) 

7.  Prestrained  and  acid-cleaned  SMA/Epoxy 

8.  Prestrained  and  acid-cleaned  SMA/Epoxy 

(heat  treatment) 

where,  the  volume  fraction  of  composite 
specimens  (3~8)  is  about  10%.  The  heat  treated 
specimens  are  stored  in  a  chamber  at  120°C  before 
testing. 

Results  and  discussions 


A  angle fiber  pull  out  test 
A  single  fiber  pull-out  test  is  conducted  to  measure 
the  fiber/matrix  interfacial  fracture  toughness. 
We  prepare  cylindrical  specimens  which  have  an 
embedded  single  SMA  fiber  in  the  epoxy  resin. 
The  cylindrical  specimen  has  a  diameter  of  6mm 
and  length  of  12mm.  We  used  surface  treated 
fibers  and  untreated  fibers.  In  surface  treated 
fiber,  the  fibers  are  cleaned  with  nitric-acid  of  60% 
concentration  for  four  hours  after  cleaned  with 
alcohol.  We  called  the  fiber  which  is  cleaned  only 
with  alcohol  “untreated  fiber1’.  The  surface 
treatments  of  the  fibers  are  summarized  in  Table  1 . 
We  measure  the  interfacial  debonding  length  by 
using  an  optical  microscope  as  a  function  of 
applied  load.  Nam’s  analysis  is  used  to  obtain 
the  energy  release  rate  [3, 4], 


Table  1  Surface  treatment  of  SMA  Wire 


— - — 

60%  nitric  acid 

Alcohol 

Acid-cleaned  fiber 

O 

O 

Untreated  fiber 

X 

o 

Tensile  test 

We  prepared  composite  specimens  with  embedded 
SMA  fibers  of  4%  prestrain.  The  specimens  are 
100mm  long,  10mm  wide  and  0.5mm  thick. 

We  tested  following  specimens,  that  is, 

1 .  Epoxy,  2.  Epoxy  (heat  treatment), 

3.  SMA/Epoxy,  4.  SMA/Epoxy(heat  treatment) 


Mechanical  properties  and  shape  memory  effect 
of  SMA  fiber 

Mechanical  properties  of  SMA  fiber  obtained  by  a 
tensile  test  are  shown  in  Table  2. 


Table  2  Mechanical  properties  of  SMA  fiber 


- - ■ — - - 

SMA 

Young’s  modulus  [GPa] 

48.0 

Tensile  strength  [GPa] 

1.40 

Fracture  strain  [%] 

48.1 

Table  3  shows  the  relation  between  the  total  strain, 
the  residual  strain,  the  recovery  strain  and  the 
recovery  stress.  Definition  of  the  strains  are  shown 
in  Fig.l.  It  is  found  that  the  highest  recovery 
stress  is  obtained  when  the  total  stain  is  8%.  But  in 
that  case,  the  permanent  strain  is  not  zero. 


Table  3  Relation  between  total  strain,  residual 
strain,  recovery  strain  and  recovery  stress 


Total  strain 

[%] 

2 

4 

6 

8 

10 

Residua] 
strain  |%] 

1.30 

3.06 

4.99 

6.66 

7.82 

Recovery 
strain  [%] 

1.30 

3.06 

4.14 

4.17 

4.25 

Recovery 
stress  [MPa] 

432 

549 

565 

654 

492 

We  choose  total  strain  of  4%  as  the  prestrain  of 
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SMA  fiber  used  in  composites,  because  this  is  the 
highest  total  strain  among  the  permanent  strain 
becomes  zero. 


V50 

Q 

5  100 

I 

I  50 

B 


0  5  10 

Debond  length  (mm) 

FigJ  Crack-resistance  curves  for  microbond 
specimens  with  acid  or  untreated  SMA  fiber 

Assessment  of  fiber/epoxy  interface  by  the  single 
fiber  putt  out  test 

Fig.2  shows  the  interfacial  fracture  toughness  as  a 
function  of  debonding  length  obtained  from  the 
single  fiber  pull-out  test  for  the  acid-cleaned  SMA 
fiber  and  untreated  SMA  fiber.  It  is  found  that  the 
fracture  toughness  is  independent  on  the 


Acid-cleaned  SMA/epoxy 
Untreated  SMA/epoxy 


F -t  A"  -  ^-5  a- 

!  '47 .0  J/m2 


debonding  length.  It  is  also  found  that  the  fracture 
toughness  is  higher  in  acid-cleaned  SMA  fiber 
than  in  untreated  SMA  fiber,  which  implies  that 
the  acid  cleaning  enhances  the  adhesion  between 
the  SMA  fiber  and  the  epoxy  matrix. 

Mechanical  properties  of  SMA  fiber/epoxy 
composite 

Fig.3  shows  the  load-displacement  curves  of  the 
specimens  obtained  by  the  tensile  test.  We  can  see 
difference  in  stress-strain  behavior.  The  maximum 
load  of  each  specimen  is  the  fracture  point  of 
epoxy  matrix.  SMA  fiber  in  specimens  except 
for  the  prestrained  and  acid-cleaned  SMA  fiber 
with  heat  treatment  does  not  break  at  the  fracture 
point  of  epoxy  matrix  which  results  in  the  load 
capability  after  the  first  maximum  load.  The 
specimens  with  embedded  prestrained  and 
acid-cleaned  SMA  fiber  with  heat  treatment  have 
the  tendency  to  fail  at  the  matrix  fracture  point 
which  may  be  due  to  the  high  interfacial  strength. 

Fig.4  shows  the  stress-strain  curves  of  the 
specimens  before  the  matrix  fracture.  The 
SMA/epoxy  composites  show  higher  Young’s 
modulus  and  tensile  stress  at  epoxy  fracture,  which 
shows  the  effectiveness  of  the  SMA  fibers  as 
composite  reinforcement.  It  is  found  that  the 
strength  in  SMA/epoxy  with  acid-cleaned  SMA 
fiber  shows  higher  stress  at  epoxy  fracture  than 
that  with  untreated  SMA  fiber.  This  shows  the 
effectiveness  of  enhancement  of  interfacial 
strength  by  the  acid  cleaning.  It  is  seen  that  only 
the  heat  treatment  on  SMA/epoxy  with  untreated 
SMA  fibers  increases  composite  stress  at  epoxy 
fracture.  This  may  be  due  to  the  after  cure  effect  on 
the  epoxy,  which  results  in  both  the  enhancement 
of  epoxy  strength  and  SMA/epoxy  interfacial 
strength.  The  highest  composite  stress  at  epoxy 
fracture  is  obtained  in  SMA/epoxy  with  prestained 
and  acid-cleaned  SMA  fiber  with  heat  treatment. 
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Fig.3  Load-displacement  curves  of  the 
specimens 


Strain  (%) 

Fig.4  Stress-strain  curves  of  the  specimens 
In  this  specimen  not  only  the  enhancement  effect 
of  epoxy  and  interfacial  strength  by  heat  treatment 
and  of  interfacial  strength  by  acid  cleaning,  but 
also  the  effect  of  recovery  stress  by  SMA  fibers  are 
valid.  From  these  experimental  results,  it  is 
found  that  SMA  fibers  can  be  used  as  composite 
reinforcement  and  that  there  is  a  possibility  that 
SMA  recovery  stress  can  be  utilized  in  composite 
strength  enhancement. 

Conclusion 

In  the  present  study,  we  fabricate  the 
composites  with  embedded  SMA  fibers  in  the 


epoxy  resin.  The  mechanical  properties  of  SMA 
fibers  and  its  composites  and  interfacial  properties 
of  SMA/epoxy  are  studied.  From  the  single  fiber 
pull-out  test,  the  interfacial  fracture  toughness  of 
SMA  fiber/epoxy  is  measured.  It  is  found  that 
the  interfacial  fracture  toughness  increases  by 
performing  acid  clean  to  the  SMA  fiber.  It  is  also 
found  that  the  specimens  with  embedded 
prestrained  and  acid-cleaned  SMA  fibers  with  heat 
treatment  exhibits  highest  stress  at  the  epoxy 
ffactrure  due  to  the  combined  effects  of  the 
recovery  stress  of  SMA  fiber,  after-cure  effect  of 
epoxy  resin  (enhancement  of  both  epoxy  and 
interfacial  strength).  From  these  experimental 
results,  it  is  concluded  that  SMA  fibers  can  be  used 
as  composite  reinforcement  and  that  there  is  a 
possibility  that  SMA  recovery  stress  can  be 
utilized  in  composite  strength  enhancement. 
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Abstract 

New  type  of  shape  memory  materials 
using  volume  expansion  of  hydrogen  storage 
alloy  was  developed.  The  material  was 
constructed  with  two  kinds  of  silicone 
rubbers,  like  a  bi-metal,  defined  “hydrogen 
storage  alloy  powder  dispersed  bi-polymer”. 
One  of  silicon  rubber  was  hydrogen  storage 
alloy  powder  dispersed  silicon  rubber  (A), 
and  another  one  was  pure  silicon  rubber  (B). 
This  bi-polymer  showed  shape  change 
induced  by  hydrogen  pressure  change.  The 
shape  memory  effect  of  hydrogen  storage 
alloy  powder  dispersed  bi-polymer  was 
applicable  for  medical  catheter. 


Key  Words:  Actuator,  Hydrogen  storage 
alloy.  Shape  memory  effect  (SME). 


Introduction 

Present  days,  many  medical  doctors 
in  a  urine  pipe  have  expected  to  develop  soft 
catheter,  which  move  variable  direction. 
Shape  memory  materials  can  be  one  of  the 


reliable  actuator  for  medical  catheter.  Many 
shape  memory  materials  were  operated  by 
temperature  change  [1-7].  However  it  is 
difficult  to  apply  for  medical  catheter 
because  large  thermal  changes  often  destroy 
cellular  tissues.  Therefore,  new  shape 
memory  materials  have  been  expected  to 
operate  without  temperature  change.  If  a 
catheter  is  operated  by  gas  pressure  near 
atmospheric  pressure  without  temperature 
change,  it  can  be  applicable.  Therefore,  the 
shape  memory  bi-polymer  for  medical 
catheter  has  been  developed.  It  is  made  of 
hydrogen  storage  alloy  powder  dispersed 
silicone  rubber.  A  silicone  rubber  is  soft 
material  for  human  body  and  hydrogen 
transport  material.  In  this  study,  LaNi3Co2 
hydrogen  storage  alloy  has  been  proposed. 
The  plateau  pressure  of  LaNi3Co2  hydrogen 
storage  alloy  is  0.5  bar  at  313  K  [8], 
LaNi3Co2  volume  expansion  by  formation  of 
hydrogenation  is  20.5  %  [9].  Furthermore, 
LaNi3Co2  alloy  also  shows  that  high  resistant 
to  pulverization  by  hydrogen  absorption  and 
desorption  cycles  [10].  The  temperature  and 
pressure  conditions  of  the  LaNi3Co2  alloy  are 
safety  for  human  body. 
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Experimental 

LaNi3Co2  hydrogen  storage  alloy 
were  produced  by  arc  furnace  (ACM-DS01 
DIAVAC  Ltd.).  Tablet  shows  conditions  of 
arc  melting.  Arc  melting  was  performed  four 
times  for  alloying.  Annealing  were 
performed  to  homogenize  the  alloy. 
Annealing  conditions  are  summarized  in 
Table  2. 


Table  1  Condition  of  arc  melting. 


Total  gas  pressure 

1.6  X  10‘3Pa 

Ar  gas  partial  pressure 

6X  103Pa 

Number  of  arc  melting 

4  times 

Table  2  Condition  of  annealing. 


Heat  treatment 
temperature 

866.5  +  14.2  K 

Heat  treatment  times 

5.4  X  103s 

Total  gas  pressure 

2.0  XI  O'3  Pa 

The  block  sample  was  crushed,  until 
grain  sizes  became  1-2  mm.  Using  H2  (7N 
purity)  sample  was  pulverized  by  several 
hydrogen  sorption  cycles.  The  chemical 
composition  of  hydrogen  storage  alloy 
powder  was  analyzed  by  energy  dispersion 
X-ray  spectroscopy  (EDS:  JSM-6301F, 
JEOL  Ltd.  Tokyo).  Hydrogen  storage  alloy 
obtained  was  LaNi3  3Co2  j.  Hydrogen  storage 
alloy  powder  dispersed  bi-polymer  was 
suggested,  as  the  bi-polymer  material  which 
constructed  with  two  kinds  of  silicone 
rubbers,  like  a  bi-metal.  One  of  them  was 
hydrogen  storage  alloy  powder  dispersed 
rubber  (A),  and  another  was  pure  silicone 
rubber  (B).  LaNi3.3Co21  hydrogen  storage 
alloy  powder  (grain  size:#25-40  pm,  0.684  g) 
was  mixed  and  dispersed  into  pure  silicone 
rubber  (HJ-125  Semendine  Ltd,  0.065  g). 
The  sample  size  of  the  composite  material 
was  30*5*1  mm3  (length*width*thickness). 
Pure  silicone  rubber  (B)  was  supporting 


materials  to  bend  the  composite  material.  The 
composite  material  (A)  and  pure  silicone 
rubber  (B)  were  connected  spontaneously.  In 
those  way  the  bi-polymer  was  prepared  (See 
Fig.  L). 


Silicon  rubber  with 
hydrogen  storage  alloy 

30  x  5  x  1  mm3  A  +  B 


Pure  silicon  rubber  30  x  5  x  2  ram3 

30  x  5  x  1  mm3 


Fig.l  Schematic  diagram  of  bi-polymer 

sample  preparation 

Using  the  reaction  bed  made  of 
SUS316,  shape  memory  bi-polymer  was 
activated.  The  activation  of  hydrogen  storage 
alloy,  was  performed  under  H2  (7  N  purity) 
pressure  at  about  50  bar.  Activation  was 
performed  by  the  hydrogen  absorption  for  10 
minutes  and  subsequently  evacuated  for  10 
minutes.  The  number  of  the  performance  was 
30  times.  Hydrogen  storage  shape  memory 
effect  of  an  activated  bi-polymer  was 
observed  in  reaction  bed  made  of  glass  (See 
Fig.2).  After  evacuation  for  10  minutes, 
shape  memory  effect  at  different  hydrogen 
pressures  was  monitored  by  a  video  recorder 
[1-5]. 


Strain  gauge  Thermo  meter 


Fig.2  Schematic  diagram  of  shape  change 
observation  system. 
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The  measurement  of  the  shape 
displacement  of  the  bi-polymer  sample  was 
defined,  as  shown  in  Fig.3.  Figure  3  shows 
schematic  diagram  of  method  for  shape 
memory  effect.  Here  the  Y  and  X  are 
dimensional  changes  vertical  and  parallel  to 
the  bi-polymer  rod  length,  respectively. 


Silicon  rubber  with 


Fig.3  Schematic  diagram  of  method  for 
shape  displacement 


Results  and  discussion 

Figure  4  shows  photograph  of  the 
shape  of  hydrogen  storage  alloy  powder 
dispersed  bi-polymer  after  the  evacuation  for 
600  s  at  309.5  ±0.5  K  (See  Fig.4.A).  Shape 
of  bi-polymer  became  straight  by  evacuation 
in  reaction  bed.  Figure.  4  B  shows  the 
photograph  of  the  bi-polymer  shape  after 
hydrogen  absorption  for  600  s  at  309.5  ±0.5 
K.  The  applied  hydrogen  pressure  observed 
the  large  shape  changes. 

Figure  5  shows  change  in  the  shape 
displacement  ( Y/X)  of  the  bi-polymer  against 
hydrogen  pressure  in  reaction  bed  at 
309.05±0.5  K.  In  this  figure,  white  squares 
(□)  show  shape  displacement  of  bi-polymer 
after  the  evacuated  for  600  s  at  309.5±0.5  K, 
and  black  circle  (•)  shows  shape 
displacement  of  bi-polymer  after  hydrogen 
absorption  for  600  s  at  309.5±0.5  K.  The 
large  shape  changes  were  observed  from  1  to 
2  bar.  Shape  memory  displacement  became 
small  above  2  bar.  The 
shape  displacement  (Y/X)  of  bi-polymer 
approached  0.07  above  2.5  bar. 


Temperature :  309.5  ±0.5K 


(A)  The  shape  of 

(B)  The  shape  of 

bi-polymer  after 

bi-polymer  after 

the  evacuation. 

the  hydrogen 

absorption  for 

600s 

Fig.4  Relationship  between  changes  in 
different  hydrogen  pressure 
against  shape  displacement  of  the 
bi-polymer  (Y/X). 


Absolute  pressure,  P,  bar 


Fig.5  Optical  photographs  of  bi-polymer 
shape  by  the  evacuation  (A)  and 
the  bi-polymer  shape  by  the 
hydrogen  absorption  (B). 
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Figure  6  shows  schematic  diagram  of 
the  expanded  bending  displacement  of  shape 
memory  bi-polymer.  Shape  of  bi-polymer 
becomes  straight,  as  it  was  evacuated.  Since 
the  composite  material  (A)  was  expanded  by 
the  volume  expansion  by  the  hydrogenation 
storage  of  the  LaNi3Co2  alloy  powder,  shape 
of  bi-polymer  becomes  a  large  bending 
displacement.  Therefore,  we  succeed  in 
development  of  medical  shape  memory 
bi-polymer  material  at  309.5  ±0.5  K  and  1-2 
bar  of  human  body  condition.  We  are 
developing  medical  catheter  for  the  urine 
pipe. 


A  B 


Schematic  diagram 
of  hydrogen 
desorption. 


A  B 


I  Schematic  diagram 
I  of hydrogen 
|  absorption. 


Fig.6  Schematic  diagram  of  the 
mechanism  for  shape  change  by 
the  H2  absorption  and  desorption. 


Conclusion 

The  purpose  of  this  research  was  to 
develop  a  shape  memory  bi -polymer.  It  was 
made  of  LaNi3jCo2 1  hydrogen  storage  alloy 
powder  dispersed  silicone  rubber.  The 
bi-polymer  was  safety  for  human  body.  The 
shape  memory  effect  of  bi-polymer  was 
examined  on  the  condition  of  human  body 
(309.5  ±0.5  K  and  1-2  bar).  Bi-polymer 
showed  reversible  shape  memory  effect  by 
hydrogen  absorption  and  desorption.  It  is 
especially  that  the  large  shape  displacement 
was  observed  from  1  to  2  bar.  Therefore,  we 
succeed  to  develop  medical  shape  memory 
bi-polymer. 
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Abstract 

Considering  the  space  environment,  it  is 
important  to  study  the  effects  of  thermal  cycling  on 
the  mechanical  properties  of  composite  materials. 
It  is  known  that  composite  laminates  subjected  to 
thermal  cycling  suffer  from  matrix  cracking.  In 
the  present  study,  thermal  cycling  induced  matrix 
cracking  in  CFRP  laminates  is  investigated 
experimentally.  Two  kinds  of  carbon/epoxy 
systems,  T800H/3631  and  T300/2500,  are  used. 
Laminate  configurations  are  (0/90)*  and  (90/0)*  for 
both  material  systems.  The  specimens  are 
thermally  cycled  between  -196°C  and  100°C. 
Thermal  cycling  tests  are  performed  up  to  1000 
cycles.  The  polished  edge  surfaces  of  specimens 
are  examined  by  the  replica  technique  to  measure 
the  matrix  crack  density  as  a  function  of  the 
number  of  thermal  cycles.  To  investigate  the 
change  in  matrix  cracking  properties  due  to 
thermal  cycling,  tensile  tests  on  thermally-cycled 
specimens  are  performed. 

KeyWords:  Thermal  cycles,  Matrix  crack,  CFRP. 


Introduction 

Carbon  fiber  reinforced  plastics  (CFRP)  are 
used  in  the  field  of  space  applications  because  they 
have  high  specific  strength,  high  specific  modulus 
and  low  thermal  expansion  coefficients. 
Considering  the  space  environment,  it  is  important 
to  study  the  effects  of  thermal  cycling  on  the 
mechanical  properties  of  CFRP.  As  CFRP  is 
often  used  in  the  form  of  multidirectional 
laminates,  thermal  stress  arises  in  plies  due  to  the 
difference  in  the  thermal  expansion  coefficients 
between  the  plies.  It  is  known  that  the  thermal 
residual  stress  often  causes  matrix  cracking. 

McManus  et  al.  [1]  studied  thermal  cycling 
induced  matrix  cracking  in  CFRP  laminates. 
They  suggested  a  method  to  predict  matrix 
cracking  behavior  under  thermal  cycling. 
Brown  and  Hyer  [2]  investigated  the  effects  of 
long  term  thermal  cycling  on  microcracking 
behavior  in  composite  materials.  Henaff-Gardin 
et  al.  [3]  analyzed  the  doubly  periodic  matrix 
cracking  in  cross-ply  laminates  and  applied  their 
analysis  to  discussion  of  matrix  cracking  undo- 
thermal  cycling. 
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However,  matrix  cracking  in  laminated 
composites  under  thermal  cycling  is  not  fully 
understood,  because  only  the  matrix  crack  density 
is  measured  as  a  function  of  the  number  of  thermal 
cycles  in  the  previous  studies  [1-3J.  The  purpose 
of  the  present  study  is  to  discuss  the  effects  of 
thermal  cycles  on  the  change  in  the  critical  energy 
release  rate  and  the  critical  stress  for  matrix 
cracking.  As  the  first  step,  the  change  in  the 
critical  values  at  room  temperature  is  measured  as 
a  function  of  the  number  of  thermal  cycles. 

In  the  present  study,  thermal  cycling  tests  are 
performed  on  CFRP  cross-ply  laminates  first. 
After  thermal  cycling  tests,  tensile  tests  are 
conducted  at  room  temperature.  The  variational 
mechanics  [4,  5]  is  used  to  evaluate  the  critical 
energy  release  rate  and  the  critical  stress  for  matrix 
cracking. 

Experimental  Procedure 

Materials 

Two  kinds  of  carbon/epoxy  systems,  T800H/3631 
and  T300/2500,  are  used.  Laminate 
configurations  are  (0/90),  and  (90/0),  for  both 
material  systems.  T800H  and  T300  are  high 
strength  carbon  fibers.  363 1  and  2500  are  epoxy 
resins.  The  specimen  size  is  100mm  long,  10mm 
wide,  0.51mm  thick  in  T800H/3631  and  0.60mm 
thick  in  T300/2500.  In  the  present  study,  a  ply 
whose  fibers  are  aligned  in  the  specimen 
longitudinal  direction  is  called  0°  ply.  The  edge 
surfaces  of  the  specimens  are  polished  for 
detection  of  matrix  cracks  by  the  replica  technique. 

Thermal  cycling  tests 

In  the  present  study,  a  thermal  cycling  test 
apparatus  is  developed.  The  specimens  are 
thermally  cycled  between  -196°C  and  100°C.  In 
the  high  temperature  chamber,  a  heating  coil  is 
used  The  low  temperature  chamber  is  filled  with 


liquid  nitrogen.  The  specimens  are  placed  in  the 
high  temperature  chamber  for  two  minutes  and  in 
the  low  temperature  chamber  for  one  minute. 
Thermal  cycling  tests  are  performed  up  to  1000 
cycles.  During  the  thermal  cycling  tests,  the 
polished  edge  surfaces  of  specimens  are  examined 
by  the  replica  technique  periodically.  The  replica 
films  are  observed  by  using  an  optical  microscope. 
The  matrix  crack  density  is  measured  as  a  function 
of  the  number  of  thermal  cycles.  The  matrix 
crack  density  is  defined  as  the  number  of  matrix 
cracks  per  unit  specimen  length. 

Tensile  tests 

To  discuss  the  effects  of  thermal  cycles  on  matrix 
cracking  under  tension,  tensile  tests  after  thermal 
cycles  are  performed.  The  specimen  with 
thermal  cycles  (200,  400,  600,  800  and  1000 
cycles)  and  without  thermal  cycling  are  used. 
Tensile  tests  are  conducted  at  a  cross-head  speed  of 
0.5mm/min  at  room  temperature.  During  the 
tensile  test,  the  edge  surfaces  of  the  specimens  are 
also  examined  by  the  replica  technique  periodically. 
The  matrix  crack  density  is  measured  as  a  function 
of  the  laminate  strain. 

Result  and  Discussion 

In  all  the  laminates,  matrix  cracking  in  90° 
ply  is  observed  during  thermal  cycling.  Figure  1 
shows  the  experimental  results  of  the  matrix  crack 
density  as  a  function  of  the  number  of  thermal 
cycles.  The  matrix  crack  density  is  defined  as  the 
number  of  cracks  per  unit  specimen  length.  The 
matrix  crack  density  is  measured  at  every  50 
thermal  cycles  in  T800H/363 1 ,  while  200  cycles  in 
T300/2500.  In  both  material  systems,  the 
number  of  thermal  cycles  at  the  first  matrix 
cracking  in  (0/90),  and  (90/0),  are  similar. 
However,  the  increasing  rate  of  matrix  crack 
density  is  higher  in  (0/90),  than  in  (90/0),, 
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It  is  assumed  that  the  material  mechanical 
properties  are  temperature-independent.  The 
stress-free  temperature  is  assumed  to  be  equal  to 
the  curing  temperature  for  each  material  system. 
Because  the  total  thickness  of  0°  and  90°  are  the 
same,  the  thermal  residual  stress  in  (0/90)*  and  in 
(90/0)*  are  equal.  This  corresponds  to  the 
experimental  result  that  the  number  of  thermal 
cycles  at  the  first  matrix  cracking  in  (0/90)*  and 
(90/0)*  are  similar. 

Figure  2  shows  the  maximum  thermal  stress 
between  the  matrix  cracks  as  a  function  of  the 
matrix  crack  density  at  -1 96°C.  It  is  assumed  that 
the  material  mechanical  properties  do  not  change 
due  to  thermal  cycling.  It  is  found  that  the 
maximum  thermal  stress  is  higher  in  (0/90)*  than  in 
(90/0)*.  This  explains  qualitatively  the 
experimental  result  that  the  increasing  rate  of  the 
matrix  crack  density  is  higher  in  (0/90)*  than  in 
(90/0)*. 

Figures  3  shows  an  example  of  the  matrix 
crack  density  as  a  function  of  the  laminate  strain 
under  tensile  loading  after  thermal  cycling  and  the 
analytical  prediction.  It  is  seen  that  matrix 
cracking  behavior  is  different  for  different  number 
of  thermal  cycles.  As  for  the  experimental  result 
after  1000  thermal  cycling,  matrix  cracks  are 
observed  even  when  the  laminate  strain  is  zero, 
because  the  matrix  cracks  occur  due  to  thermal 
cycling.  The  variational  mechanics  is  used  for 
the  prediction  using  both  the  energy  and  stress 
criteria.  The  critical  energy  release  rate  and  the 
critical  stress  are  chosen  to  fit  the  experimental 
results.  The  critical  values  chosen  are  listed  in 
Table  1  and  Table  2.  It  is  seen  that  the  critical 
values  decrease  as  the  number  of  thermal  cycles 
increases.  In  both  material  systems,  the  same 
values  for  the  critical  energy  release  rate  and  the 
critical  stress  are  obtained  from  (0/90)*  and  (90/0)* 
in  the  specimens  without  thermal  cycles.  It  is 
found  that  the  decreasing  rate  of  the  critical  values 


is  higher  in  (0/90)*  than  in  (90/0)*.  This  may  be 
because  the  thermal  residual  stress  is  higher  in 
(0/90)*  than  in  (90/0)*  at  the  same  matrix  crack 
density  (Fig.2).  Because  the  critical  values  are 
affected  by  the  matrix  and  the  fiber/matrix 
interfacial  properties,  it  is  considered  that  the 
thermal  residual  stress  cycles  due  to  thermal  cycles 
affects  the  critical  values. 

To  predict  the  matrix  cracking  behavior  due 
to  thermal  cycles  precisely,  we  have  to  investigate 
the  change  in  the  critical  values  for  matrix  cracking 
at  the  lowest  temperature  during  the  thermal  cycles. 
However,  the  change  may  be  a  function  of  thermal 
stress  range  due  to  thermal  cycles.  The  thermal 
stress  range  is  a  function  of  both  temperature  range 
and  laminate  configuration.  Without  thermal 
cycles,  the  critical  values  for  matrix  cracking  can 
be  regarded  as  material  constants  in  the  sense  that 
they  are  independent  of  laminate  configuration 
However,  the  critical  values  may  change  due  to 
laminate  configuration  with  thermal  cycles. 

Conclusion 

Thermal  cycling  tests  are  performed  on 
CFRP  cross-ply  laminates.  Matrix  cracking 
behavior  under  thermal  cycling  are  examined  by 
the  replica  technique.  To  discuss  the  effect  of 
thermal  cycles  on  matrix  cracking  under  tension, 
tensile  tests  after  thermal  cycles  are  performed. 
The  effect  of  thermal  cycles  on  matrix  cracking 
under  tension  can  be  evaluated  by  the  change  in 
the  critical  energy  release  rate  and  the  critical  stress. 
However,  it  should  be  noted  the  change  is  different 
for  different  laminate  configurations. 
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Fig.2  The  maximum  thermal  stress 
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of  matrix  crack  density  at  -196°C 
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Table  1  The  critical  energy  release  rate  and 
the  critical  stress  in  T800H/3631  laminates 


T800H/3631  (0/90), 

T800H/3631  (90/0), 

<JC 

G* 

(J/m2) 

(MPa) 

(J/m2) 

(MPa) 

Ocyclc 

550 

150 

550 

150 

200cycles 

500 

140 

500 

140 

400cvcles 

475 

135 

475 

135 

600cyclcs 

450 

135 

450 

130 

800cycles 

325 

115 

375 

125 

lOOOcyclcs 

250 

100 

275 

105 

Table  2  The  critical  energy  release  rate  and 
the  critical  stress  in  T300/2500  laminates 


7300/2500(0/90), 

T300/2500  (90/0), 

Gnr 

Gm. 

<JC 

(J/m2) 

(MPa) 

(J/m2) 

(MPa) 

Ocyclc 

300 

100 

300 

100 

200cyc!cs 

200 

85 

200 

85 

400cyc!es 

125 

60 

175 

80 

600cyclcs 

75 

45 

150 

75 

800c>’clcs 

75 

45 

125 

70 

lOOOcyclcs 

50 

35 

100 

60 

950 
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Abstract 

Evaluation  method  for  initial  fracture 
behavior  of  textile  composite  was  considered 
in  this  study.  Knee  point  found  on  the 
stress-strain  curve  of  tensile  test  was  used  to 
quantitative  evaluation  of  initial  micro 
fracture. 

Acryl  silane  treated  woven  fabric  and 
vinylester  resin  was  used,  and  one  ply 
composites  were  fabricated  for  tensile  test. 
Knee  point  was  determined  by  various 
method  from  the  stress-strain  curve.  Knee 
point  can  be  determined  quantitatively  by 
least  squares  method. 

Key  Words:  Initial  Micro  Fracture,  Knee 
Point,  Woven  Fabric  Composite. 

Introduction 

It  has  been  clarified  that  micro 
fracture  behaviors  occurred  in  woven  fabric 
composite  are  debonding  between  fiber  and 
matrix  at  interface,  delamination  at  fiber 
crossing  part,  transverse  crack,  filament 
fracture,  and  so  on.  These  micro  fractures 
contribute  to  macro  fracture  behavior  of 
composites.  Thus  the  initial  fracture 
behavior  is  important  to  understand  the 
mechanical  properties  of  composites. 

A  characteristic  property  of  woven 
fabric  composites  is  a  knee  point  on  the 
stress-strain  curve.  Knee  point  appeared  at 


the  elastic  limit,  and  it  is  considered  that 
some  fracture  have  occurred.  Initial  micro 
fracture  of  woven  fabric  composites  was 
confirmed  to  be  transverse  cracks[l].  Thus, 
it  is  supposed  that  onset  of  initial  fracture  is 
agreed  with  knee  point.  Therefore,  knee 
point  found  on  the  stress-strain  curve  of 
tensile  test  is  considered  to  be  used  for 
quantitative  evaluation  of  initial  fracture. 
Here,  it  is  important  to  evaluate  the  knee 
point  with  accuracy. 

In  this  study,  evaluation  method  of 
knee  point  was  considered.  The  micro 
fracture  behavior  in  textile  composite  was 
investigated  by  tensile  test  and  in-situ 
observation.  In  order  to  identify  the  knee 
point,  various  evaluation  method  of  knee 
point  on  the  stress-strain  curve  was 
conducted. 

Evaluation  method 

Tangent  line  on  stress-strain  curve 

Generally,  knee  point  on  stress-strain 
curve  can  be  determined  by  drawing  the 
tangent  line.  We  asked  some  students  to 
determine  the  knee  point.  Figure  1  shows 
knee  points  identified  by  some  students. 
There  are  personal  errors  as  shown  in  Fig.l. 

Image  analysis 

As  previous  study,  transverse  crack 
could  be  observed  with  a  scattering  of  light 
from  the  cracking  part  of  the  specimen[2,3]. 
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Fig.l  Knee  point  identified  by  some 
students. 

To  determine  its  appearance,  the  image 
processing  was  carried  out  as  follows;  in 
order  to  detect  the  transverse  crack  clearly, 
edge  detection  was  at  first  executed  along  to 
the  tensile  direction.  Second,  the  brightness 
of  the  picture  was  transformed  to  the  binary 
image.  Finally,  the  number  of  white  pixels 
was  counted.  A  series  of  image  analysis  was 
carried  out  for  the  picture  at  every  2  seconds 
of  the  tensile  test.  The  point  of  initial  micro 
fracture  was  determined  as  the  beginning  of 
the  increase  in  number  of  white  pixels. 

Figure  2  shows  typical  stress-time 
curve  and  relationship  between  increase  ratio 
of  white  pixels  and  time.  Here,  time 
corresponds  to  strain.  Initial  micro  fracture 
behavior  can  be  determined  clearly  with  the 


Fig.2  Results  of  image  analysis. 


increase  ratio.  Initial  fracture  stress  is 
29.2MPa.  However,  this  image  analysis 
method  cannot  be  applied  to  thick  or 
lightproof  composites.  Therefore,  new 
evaluation  method  of  initial  fracture  is 
required. 

Method  of  elastic  modulus  evaluation 

In  order  to  determine  the  knee  point, 
changes  in  tensile  modulus  was  considered. 
Tensile  modulus  is  defined  as  a  gradient  of 
stress  versus  strain;  tangent  modulus,  secant 
modulus  and  chord  modulus  have  been  used. 
Secant  modulus  is  defined  as  the  slope  from 
origin  to  a  certain  point.  If  knee  point  clearly 
exists,  distinct  decrease  will  appear  on  secant 
modulus-strain  curve  as  shown  in  Fig.  3. 


Fig.3  Secant  modulus  and  sAress-strain 
curve. 


Least  squares  method 

Knee  point  can  be  determined  by 
using  least  square  method.  Knee  point  was 
identified  by  following  procedure; 

1.  Linear  relationship  between  stress  and 
strain  was  calculated  by  least  square 
method  from  the  first  to  a  certain  point. 
The  correlation  coefficient  for  the  data 
and  least  square  line  was  calculated  until 
the  highest  value  was  obtained.  Here, 
initial  linear  region  can  be  determined. 

2.  Linear  relationship  between  stress  and 
strain  was  calculated  by  least  square 
method  on  the  determined  linear  region. 

3.  The  point  that  the  residual  error  between 
experimental  and  calculated  data  became 
positive  was  defined  as  knee  point. 
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Experiment 

Materials 

Materials  used  in  this  study  were 
plain  glass  woven  fabrics  (WE18W:  Nitto 
Boseki  Co.,  Ltd.,  Japan)  as  reinforcement 
with  0.4  wt%  silane  coupling  agent  and  vinyl 
ester  resin  (R-806;  Showa  Highpolymer  Co., 
Ltd.,  Japan)  as  the  matrix  resin.  The  room 
temperature  catalyst  used  was  0.7  phr 
methylethylketoneperoxide  (MEKPO). 

Tensile  testing 

One-ply  composite  was  fabricated 
by  hand  lay-up  technique,  and  tensile  testing 
was  performed  to  know  the  onset  and  growth 
of  transverse  cracks.  During  the  tensile  tests, 
the  testing  machine  was  periodically  stopped 
and  unloaded  to  0,  and  observation  of 
transverse  cracks  in  fiber  bundles  using 
optical  microscopy  was  performed. 

Results  and  Discussion 

Stress-strain  curve  of  the 
composites  is  shown  in  Fig.4,  and  Fig.  5 
shows  the  fracture  aspect  by  optical 
microscopic  observation.  Transverse  cracks 
appeared  at  1.0%  strain  in  weft  fiber  bundles, 
and  the  number  of  the  cracks  increased,  and 
the  crack  was  enlarged  with  increasing  the 
strain. 

Figure  6  shows  stress-strain  curve 
and  secant  modulus-strain  curve.  As  shown 
in  Fig.6,  secant  modulus  changes  gradually, 
method  of  elastic  modulus  evaluation  was 
not  suitable  for  evaluation  method  of  knee 
point. 

Figure  7  shows  results  of  least  square 
method  for  evaluation  of  the  initial  fracture 
stress  and  strain.  Initial  fracture  stress  and 
strain  are  104MPa  and  0.5%  respectively. 
Strain  at  which  transverse  crack  observed 
was  different  from  initial  fracture  strain. 
This  is  considered  that  cracks  were  closed 
when  the  load  was  removed  for  observation. 


Fig.4  Stress-strain  curve. 

Considering  the  sample  described  in 
Fig.2,  the  initial  fracture  strain  at  knee  point 
with  least  square  method  and  strain  at  which 
the  transverse  crack  appears  are  well  agreed. 
Namely,  this  method  is  able  to  determine  the 
knee  point  on  the  stress-strain  curves 
quantitatively.  Thus,  this  evaluation  method 
to  evaluate  the  initial  fracture  with  knee  point 
stress  and  strain  is  useful  method. 

Conclusion 

In  this  study,  evaluation  method  of 
initial  fracture  of  textile  composite  was 
considered.  Initial  fracture  in  woven  fabric 
composites  is  transverse  crack  inside  of  fiber 
bundles.  Initial  fracture  stress  and  strain 
were  evaluated  by  knee  point  on  stress-strain 
curve  with  least  square  method. 
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Fig.5  Fracture  process  of  woven  fabric  composites. 
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Fig.7  Results  of  least  squares  method. 
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Abstract 

In  order  to  extend  collision  fatigue  life  of 
PZT,  the  sheet  electron  beam  irradiation  has 
been  performed.  The  irradiation  extended 
fatigue  life  and  enhanced  the  Weibull 
coefficient,  which  indicated  statistic 
distribution  of  fracture. 


Key  Words:  PZT,  Fatigue  limit,  Collision 


Introduction 

PZT  is  typical  piezoelectric  materials  [1-4]. 
It  can  be  usually  applied  forever  under 
fatigue  limit.  When  it  is  utilized  over  fatigue 
limit,  fatigue  life  on  fracture  is  determined. 
Origin  of  fatigue  fracture  often  generates  on 
surface.  In  order  to  control  crack  generation 
and  growth,  atom  diffusion  and  stress 
relaxation  near  crack  tips  are  important 
factors  to  enhance  the  ductility.  To  modify 
the  various  properties  at  lower  temperature, 
materials  have  been  often  treated  by  electron 
beam  (EB)  irradiation  [5-7].  In  the  present 
study,  electron  beam  (EB)  irradiation  of  high 
electrical  potential  (170  kV)  was  used  to 
migrate  atoms  at  crack  tips  and  crystal  grain 
boundary.  Such  atom  migration  probably 
dulls  the  edge  of  sharp  crack  tips  and  relaxes 
the  stress  concentration  at  a  temperature 


lower  than  that  required  in  conventional 
heat-treating.  This  study  showed  that  sharp 
crack  reduction  and  relaxation  could  be 
accomplished  by  using  sheet  electron  beam 
irradiation  without  applying  heat.  Therefore 
the  purpose  of  the  present  work  is  to  extend 
collision  fatigue  life  of  PZT  treated  by  sheet 
electron  beam  irradiation.  Electron  beam 
treatment,  is  a  new  concept  to  extend 
collision  fatigue  life  used  without 
accompanying  heat,  and  has  broad  potential 
applications  in  the  fields  of  engineering. 

Experimental  Procedure 

Pbo.55  Zro.24  Tio.21  Ox  (PZT)  samples  were 
prepared  by  sintering  under  high  pressure. 
The  chemical  composition  and  structure 
change  were  confirmed  by  means  of  EDS 
(energy  dispersive  X-ray  spectrometer; 
HORIBA  EMAX-5770W)  and  X-ray 
diffraction.  The  fatigue  test  was  performed 
by  collision  between  PZT  cylindrical  sample 
(2.5  mm  0  X  5  mm  height)  and  steal  ball  (10 
mm 0,5. 4  g)  until  the  sample  was  fractured 
(See  Figure  1).  The  collision  energy  (Ec) 
was  controlled  by  the  height  (h).  The  crack 
was  observed  by  means  of  scanning  electron 
microscopy  (SEM)  and  optical  profile 
project. 

The  sheet  electron  beam  irradiation 
was  homogeneously  performed  using 
an  electron-curtain  processor  (ELECT 
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OROCURTAIN  PROCESSOR  Type 
CB 175/1 5/1 80L,  Energy  Science  Inc. 
Woburn,  MA)[5-7].  Figure  2  shows  the 
schematic  drawing  of  sheet  electron  curtain 
processor.  The  acceleration  potential  and  the 
irradiating  current  densities  were  170  kV  and 
8.9  X  10"3mA/cm2,  respectively.  The  EB 
treatment  was  applied  intermittently  (i.e.,  not 
continuously).  The  conveyer  speed  was  10 
m/min.  Irradiation  time  was  kept  constant  at 
0.23  s  in  order  to  control  the  temperature  in 
each  of  the  four  samples.  The  temperature  of 
the  sample  was  below  323  K  just  after  the  EB 
irradiation.  The  integrated  irradiation  time 
was  12.96Mrad  0.69  s.  Here,  the  total  amount 
of  absorbed  dose  value  was  converted  by  the 
absorbed  dose  of  the  distillation  water. 
Although  the  other  EB  treatments  were 
usually  in  vacuum,  the  irradiated  specimen 
was  kept  under  protective  nitrogen  at 
atmospheric  pressure  in  the  apparatus.  The 
oxygen  concentration  was  less  than  400  PPM 
in  this  atmosphere. 

(1)  PZT 

(2)  Polyester  resin 

(3)  Electrode  ( Ni ) 

(4)  Lead 

(5)  Oscilloscope 

(6)  Steel  stick 


Ep  =  mgh  =  Ec‘ 

Ep :  Potential  energy  (J) 

Ec‘:  Ideal  collision  energy  (J) 
m  :  Weight  of  steel  stick  (kg) 
g  :  Gravity  (m/s2) 
h  :  Height  (m) 


Fig.l  Collision  fatigue  test.  Controlling 
fall  height  of  steel  stick  varies 
collision  energy  (Ec). 


Fig.2  Schematic  drawing  sheet  electron 
curtain  processor.  Samples  are 
irradiated  by  electron  beam  under 
nitrogen  atmosphere. 
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Results  and  Discussion 

Fine  cracks  were  observed  on  PZT  sample 
surface  after  collision  fatigue  fracture,  as 
shown  in  Figure  3  with  the  SEM 
cross-section  micro-graph  of  PZT  sample 
before  collision  fatigue  test. 


Pbo.55Zro.24Tio.21Ox 


Fig.3  SEM  micro-graph  cross-section  of 
PZT  samples  before  collision  fatigue 
test  and  after  fatigue  fracture. 


life,  which  is  approximately  4  times  longer 
than  that  before  EB  treatment. 

Figure  5  shows  change  in  the  Rf  against 
ideal  collision  energy  on  the  collision  test  of 
the  PZT  samples  with  and  without  EB 
irradiation.  The  EB  irradiation  enhanced  the 
ideal  collision  energy  (Ec‘)  at  different  Rf 
values.  Namely,  it  enlarges  the  fracture 
toughness  for  PZT. 
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Fig.  4  Change  in  fracture  ratio  against 
collision  fatigue  number. 


Figure  4  shows  change  in  fracture  ratio 
against  collision  fatigue  number  at  different 
collision  number.  The  fracture  ratio  (Rf)  is 
expressed  by  a  following  equation. 

Rf  =  Nf/N,  (1) 

Here,  Nf  and  Nt  are  fractured  and  total 
number  of  PZT  samples  at  different  collision 
numbers.  Offset  number  (Rf=0)  and  midpoint 
(Rf=0.5)  of  fracture  were  64  and  22  for  PZT 
samples  before  EB  treatment.  To  extend  the 
collision  fatigue  life,  electron  beam  (EB) 
irradiation  of  high  electrical  potential  (170 
kV)  was  used  to  dull  the  edge  of  sharp  crack 
tips  and  to  relax  the  stress  concentration. 
Offset  number  (Rf=0)  and  midpoint  (Rf=0.5) 
of  fracture  were  233  and  55  for  samples 
treated  by  EB  irradiation  of  4.32Mrad.  The 
EB  treatment  extends  the  collision  fatigue 


(ZEc'):(mJ) 

Fig.5  Change  in  the  Rf  against  ideal 
collision  energy  on  the  collision  test 
of  the  PZT  samples  with  and  without 
EB  irradiation. 
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The  fracture  probability  (P)  depends  on 
risk  of  rupture  [8].  If  the  risk  is  assumed  to  be 
(EC7EC°),  it  is  expressed  by  a  following 
equation. 

P=  1  -  exp  [-  (EcVec°)  m]  (2) 

Ec‘  is  experimentally  obtained  fracture 
stress.  When  P  is  equal  to  0.966,  an  expectant 
fracture  energy  (Ec°)  can  be  obtained. 

By  using  Median  Rank  method  broadly 
applied  (Ref.9),  integrated  fracture 
probability  (P)  is  expressed  by  a  following 
equation. 

P=  (1-0.3) /(n  + 0.4)  (3) 

Here,  n  and  I  are  total  sample  number  and 
fractured  order  of  each  sample,  respectively. 
A  Weibull  coefficient  (m)  indicated  statistic 
distribution  of  fracture  stress.  If  the  ideal 
collision  energy  is  related  to  the  fracture 
stress,  linear  regression  curve  is  shown  in 
Figure  6  can  be  obtained  of  PZT  samples 
before  and  after  EB  irradiation.  The 
irradiation  enhanced  the  Weibull  coefficient, 
as  shown  in  Figure  6  Therefore,  we 
concluded  that  the  EB  irradiation  decreased 
the  statistics  distribution  of  fracture 
toughness. 


Ln  Ec!  (Ec':mJ) 


Fig.6  Linear  regression  curve  of  PZT 
samples  before  and  after  EB 
irradiation.  The  irradiation 
enhanced  the  Weibull  coefficient. 


Conclusions 

To  extend  the  collision  fatigue  life, 
electron  beam  (EB)  irradiation  of  high 
electrical  potential  (170  kV)  was  used  to  dull 
the  edge  of  sharp  crack  tips  and  to  relax  the 
stress  concentration  for  PZT.  The  EB 
irradiation  extended  the  fatigue  life  for  PZT. 
The  EB  irradiation  also  enlarged  the  fracture 
toughness  and  decreased  the  statistics 
distribution  of  fracture  toughness. 
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Abstract 

One  major  problem  and  limitation  of 
processing  complex-shaped  ceramic 
components  is  machining.  From  the 
machining  cost  and  ease  of  process  points 
of  view,  reaction-bonded  silicon  nitride 

(RBSN)  largely  benefits  from  its  ability  to 
form  near-net-shape  product.  One  way  to 
determine  the  machinability  of  heat-treated 
silicon  powder  compact  is  to  manifest 
speed/feed  diagrams  of  lathe  turn  and  drill 
operations.  The  turned  samples  were 

characterised  by  measuring  surface 
roughness  average  (Ra)  and  the  drilled 

samples  were  characterised  by  measuring 
chipping  edge  area.  These  two 

measurements  when  plotted  against  a  factor 
so-called  material  removal  rate  /  rotational 
speed  (MRR/V)  were  considered  sufficient 
to  indicate  machinability  of  the  powder 
compacts. 

Key  Words:  Machining,  Machinability, 
Powder  compact. 

Introduction 

By  reaction  with  nitrogen,  a  very  loosely 
packed  silicon  powder  formed  a  coherent 
monolithic  silicon  nitride  replica  of  the 
original  shape  of  appreciable  strength.  [1] 
The  reaction  is  accompanied  by  a  22% 
volume  expansion  that  occurs  in  void  space 
of  the  powder  compact.  In  other  words,  this 
is  a  near-net  shape  process  that  lends  itself 


to  the  formation  of  complex  shapes  without 
the  shrinkage  and  expensive  machining/21 
Consequently  an  insight  into  machinability 
of  heat-treated  silicon  powder  compact  is  of 
primary  significance. 

Studies  on  machinability  of  ceramics 
have  been  concentrated  on  each  stages;  i.e. 
green  compact  or  sintered  products.  The 
studies  on  green  compact  [3]  related  initial 
defect  size  to  handleablility  and  resistance 
to  clamping  and  chipping  damage.  While 
researchers  ^],[5]  tend  to  relate  machinablity 
of  sintered  surface  with  factors  relating 
hardness  and  toughness  of  the  samples. 
However,  the  aim  of  this  study  focused 
between  the  two  extremes;  i.e  the 
machinability  of  pre-sintered  compacts. 

A  few  parameters;  i.e.  material  removal 
rate  (MRR)  together  with  feed  and 
speed  of  machining  operation,  were 
utilised  and  correlated  with  finished 
surface  characteristics.  The  MRR  has  been 
defined  as  the  uncut  area  multiplied  by 
the  rate  at  which  the  tool  is  moved 
perpendicular  to  the  uncut  area.  161  For 
turning  operation,  the  area  removed  is  an 
annular  ring  of  outside  diameter  D  and 
inside  diameter  Di  (Figure  1).  The  uncut 
area  is  Jt(D2-Di2)/4.  The  specimen  was 
rotated  at  N  revolutions  per  minute,  while 
the  tool  was  fed  at  fr  units  (millimeters 
per  revolution)  Therefore,  the  material 
removal  rate  is: 

MRR  =  7e(D2-Di2)  fr  N  (1) 

4 
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Fig.l  Schematic  of  specimen  during 
turning  operation 

For  drilling,  a  drill  of  diameter  D  is  rotated 
at  N  revolutions  per  minute  and  fed  at  fr 
(unit  distance  per  revolution).  The  uncut 
area  is  the  area  covered  by  the  drill,  or  7i;D2/4 
, while  the  feed  rate  perpendicular  to  the 
area  is  fr  N.  Therefore,  the  material 
removal  rate  for  drilling  is  : 

MRR  =  7tD2/4  fr  N  (2) 

The  cutting  speeds  (m/min)  can  be 
converted  to  rotational  speed  as  follows: 

V  =  tcDN  (3) 

These  machining  parameters;  i.e.  speed,feed 
and  MRR/V  were  correlated  with  surface 
roughness  average  (Ra)  of  turned  surface 
and  edge  chipping  area  of  drilled  surface. 


Experiment  Procedure 

Silicon  metal  with  average  size  25  microns 
was  selected  in  this  experiment.  Table  1 
shows  the  chemical  composition  of  silicon 
metal.  The  silicon  powder  mixed  with  2 
wt%  polyvinyl  alcohol  (PVA)  binder  was 
compacted  into  cylindrical  shape  of  50  mm 
diameter  and  17.5  mm  height.  The  green 
compact  were  heated  at  150°C/hr  to  500°C 
then  heated  at  200°C/hr  to  1200°C  and 
held  for  10  hrs  in  argon. 


The  machining  was  performed  on  a 
Plant-Sliven  CU  500M  lathe  using  high¬ 
speed  steel  cutting  tool.  The  cutter  speed 
and  feed  rate  were  varied  from  250, 
315,  400  and  500  rpm  and  7.41,  8.55,  10.10 
and  12.35  mm/min,  respectively.  The  top 
surface  of  a  sample  was  turned  to  provide 
a  reference  plane  for  accurate  measure 
of  depth  of  cut.  Steps  were  then  turned  at 
the  designed  feed  and  speed  with  a  2  mm 
depth  of  cut  as  shown  in  Figure  1.  The 
surface  roughness  average  (Ra)  of  turned 
suface  was  measured  by  using  a  surface 
profiler  Dektak3  ST  (Veeco)  and  a  Mitutoyo 
surftest  201. 

The  perforation  was  performed  on  an 
ERLO  (SIEMENS)  machine  using  3  mm 
diameter  hardened  steel  bit.  The  drilling 
conditions  consisted  of  the  cutting  speed  of 
288,  480,  685  and  1150  rpm  and  the  feed 
rate  of  0.08,  0.16,  0.24  and  0.35  m/min. 
The  chipping  edge  area  were  measured 
using  an  Olympus  optical  microscope 
connected  with  an  image  analysis  Omnimet 
4  program. 


Table  1  Chemical  composition  of  silicon 
metal 


Silicon 

metal 

Element  (%  by  wt.) 

Si 

A1 

Ca 

Fe 

W 

99.11 

0.14 

0.47 

0.17 

0.10 

Results  and  discussion 

Observation  of  the  machined  surface  by 
naked  eyes  revealed  that  high-speed,  low 
cutting  tool  feed  rate  was  preferable  for  fine 
smooth  surface.  Figure  2  compares  typical 
'smooth'  and  'rippled'  surfaces  of  the  turned 
samples.  It  can  be  seen  that  the  feature  on 
the  'smooth'  surface  was  dominated  by  inter¬ 
agglomerate  fracture.  While  the  failure  on 
'rippled'  surface  which  consisted  of  smooth 
part  and  uneven  part  was  exacerbated  by 
crack  propagation  and  linking  among  inter¬ 
agglomerate  flaws  at  high  feed  rate. 
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The  dependence  of  surface  roughness 
average  (Ra)  on  feed  and  speed  varied  from 
approximately  3  to  6  microns  (Figure  3). 
The  surface  roughness  average  seemed  to  be 
more  sensitive  to  speed  than  feed  rate. 
Nevertheless,  it  should  be  noted  that  the  Ra 
of  3.5  microns  was  rather  favourable  when 
compared  with  the  Ra  of  green  alumina 
compact  of  7.1  microns,  measured  under  the 
best  cutting  conditions.171 


500  rpm, 7.41  mm/min 


250  rpm,  12.35  mm/min 


Fig.2  SEM  image  of  typical  (a)  'smooth' 
and  (b)  'rippled'  surfaces. 


Fig  3.  Speed/feed  diagram  of  silicon 
compact  of  turning  operation 

Observations  of  samples  drilled  at 
various  feed  and  speed  under  optical 
microscope  (Figure  4)  exhibit  small  edge 
chipping.  A  plot  of  measured  chipping  edge 
area  in  drilling  against  MRR/V  indicates 
linear  correlation,  similar  to  that  of  Ra  in 
turning  against  MRR/V  (Figure  5).  The 
slope  of  the  plots  suggest  that  drilling  is  far 
more  sensitive  to  the  factor  MRR/V  than 
turning  operation.  This  is  obviously  caused 
by  stress  concentration  at  edge.  The 
x-intercept  in  drilling  operation  provides  a 
sufficient  guideline  for  appropriate  material 
removal  rate. 


685  rpm,  0.08  m/min 


Fig  4.  Optical  Microscope  image  of 
drilled  surface 


961 


Mechanism  of  the  material  removal  for 
both  turning  and  drilling  operations  could  be 
explained  by  Griffith's  theory  of  unstable 
crack  propagation  and  by  the  weakest  link 
theory  of  Weibull.  Elastic  strain  energy  is 
stored  in  front  of  the  cutting  tip  before 
propagation  occurs.  Once  cracks  start  to 
propagate  they  tend  to  travel  further  to 
dissipate  stored  energy  before  linking  to 
form  a  chip.  Inter-agglomerate  boundaries 
provide  suitable  interlinking  defects. 


(a) 


Fig  5.  (a)  The  plot  of  measured-chipping 
edge  area  in  drilling  against 
MRR/V  (b)  the  plot  of  Ra  in 
turning  againt  MRR/V 

Conclusions 

Pre-sintered  silicon  powder  compact  can  be 
machined  by  turning  and  drilling 
operations.  At  high-speed,  low  cutting  tool 


feed  rate  was  preferable  for  fine  smooth 
surface  and  small  edge  chipping  area. 
Drilling  operation  was  more  sensitive  to  the 
factor  MRR/V  than  the  turning  because  of 
stress  concentration  at  edge.  The  x-intercept 
indicate  that  the  drilling  factor  (MRR/V) 
should  be  less  than  0.2  for  an  acceptable 
drilled  hole,  while  the  factor  MRR/V  was 
less  influentially  in  turning  operation. 
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Abstract 

Localization  in  critical  flaw  distribution 
was  studied  for  the  accurate  Weibull  scaling 
of  carbon  fiber  tensile  strength. 

Weibull  scaling  is  known  to  give  fracture 
probability  of  good  agreement  with 
experimental  results  when  ideal  scaling 
factor  is  selected.  The  factor  represents 
probability  of  containing  a  critical  flaw, 
which  usually  increase  with  the  volume. 
Thus,  volume  has  been  expected  as  Weibull 
scaling  factor  for  many  brittle  materials. 
However,  on  the  case  of  carbon  fiber,  it  is 
expected  that  surface  flaw  is  dominant  factor 
as  the  manufacturing  process,  handling,  and 
so  on  damage  the  surface.  In  this  case,  the 
surface  area  appears  to  be  ideal  Weibull 
scaling  factor  of  carbon  fiber  tensile  strength. 

In  this  work,  the  surface  area  was 
compared  with  the  volume  as  the  scaling 
factor  of  IM600  carbon  fiber  tensile  strength. 
The  experimental  results  showed  that  the 
Weibull  scaling  agreed  better  with  tensile  test 
data  when  volume  was  selected  as  the  scaling 
factor.  However,  surface  area  was  found  less 
accurate  as  the  scaling  factor.  Therefore,  the 
critical  flaws  were  supposed  to  be  distributed 


in  the  fiber  volume  and  thus,  fiber  volume  is 
concluded  ideal  factor  for  Weibull  scaling. 

Key  Words:  Carbon  fiber,  Weibull 
distribution. 

Introduction 

Strength  of  advanced  carbon  fiber 
reinforced  composites  (CFRP)  is  dependent 
on  the  performance  of  reinforcement  fibers. 
Thus,  the  accurate  scaling  of  carbon  fiber 
strength  is  essential  for  the  strength 
characterization  of  CFRP.  The  tensile 
strength  of  brittle  materials  such  as  carbon 
fibers  has  defined  as  the  crack-growth  load 
from  critical  flaws  that  are  distributed 
throughout  the  volume.  Thus,  the  strength  is 
scaled  with  Weibull  model  that  describes 
probability  of  an  imaginary  unit  scale  such  as 
volume  or  surface  area  containing  the 
weakest  flaw.  Volume  has  been  usually 
expected  appropriate  for  Weibull  scaling. 
However,  it  is  supposed  on  carbon  fibers  that 
the  surface  area  is  also  an  important  factor  as 
localization  of  critical  flaws  is  expected  on 
the  surface  due  to  the  damage  in 
manufacturing  process,  handling,  and  so  on. 


963 


Thus,  surface  area  and  volume  were 
compared  as  single-modal  Weibull  scaling 
factors  to  derive  information  of  critical  flaw 
distribution. 

Single-modal  Weibull  model  is  given  as 
follows  [1], 


Where,  ‘P’  is  the  probability  of  a  fiber  having 
a  tensile  strength  less  than  or  equal  to  ‘a’. 
‘Vo’  is  an  imaginary  unit  of  volume,  ‘m’  and 
‘cts’  is  the  Weibull  shape  and  scale 
parameters,  respectively.  The  parameters  are 
determined  through  Weibull  plotting  of 
‘{-ln[lnP]}  -  lncr’  manner.  In  the  plotting,  a 
cumulative  probability  of  fracture  ‘Pi’  is 
approximately  determined  for  rth  result  in  a 
set  of  n  samples  as  follows  [2]. 


Experimental 

Materials 

The  carbon  fiber  used  in  this  work  was 
IM600-6k  (TOHO  RAYON,  Co.,  Ltd), 
which  possesses  the  properties  in  Table  1 . 


Table  1,  Properties 


Tensile 

Elastic 

Strain 

Diameter 

Density 

strength 

modulus 

5690MPa 

285GPa 

2.0% 

5pm 

1.8g/cnrt 

Diameter  measurements 
Diameter  distribution  along  tensile  test 
sample  is  detrimental  to  the  data  reliability. 
Thus,  diameter  was  measured  along  the 
gauge  on  each  fiber  beforehand  the  tensile 
test. 

Sample  fiber  was  measured  in  the  diameter 


with  laser  micrometer  LSM-500  (Mitutoyo 
MTI  Corp)  within  error  of  +0.1  pm,  in  the 
step  of  1.0  ±0.1  mm  along  gauge  length  as 
depicted  in  Fig.l. 


Fig.  1,  measurement  setup 

Fiber  cross-section  shape  analyses 

LSM  measures  fiber  diameter  as  the 
projection  of  laser  beam.  Fiber  cross-section 
shape  was  thus  observed  to  see  if  it  is  circular 
within  acceptable  error.  Scanning  electron 
microscope  (SEM;  HITACHI  S-2150)  was 
used  in  the  analyses.  Bundle  of  fibers  was 
embedded  in  epoxy  resin  and  then  polished 
giving  the  samples  of  SEM  analyses. 

Tensile  tests 

Uniform  diameter  sections  of  D=5.0p.m  and 
D=6.0pm  were  prepared  as  tensile  test 
samples.  The  gauge  length  was  decided  with 
the  volume  condition  of  V=2.5  X  10'nm3,  in 
order  to  asses  if  volume  is  suitable  for  the 
Weibull  scaling  of  the  fiber. 

Paper  holder  was  used  to  attach  the  fibers 
as  depicted  in  Fig. 2.  Then  the  frame  parts 
were  cut  after  the  clamping  to  the  tensile  test 
machine  (SHIMADZU  Ez-test,  Shimadzu 
Corp.)  leaving  the  fiber  alone.  The  tensile 
tests  were  conducted  under  the  crosshead 
speed  condition  of  lmm/min. 

;  nit 


Fig.  2:Tensile  test  sample 
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Results  and  Discussions 

Variation  in  fiber  diameter 
Each  fiber  exhibited  variation  within  ± 
0.5pm  along  the  gauge  as  is  shown  in  Fig.  3. 
However,  the  diameter  was  found 
distributing  between  fibers  at  a  bundle  from 
3.5pm  to  6.5pm.  Thus,  each  fiber  was 
approximated  uniform  in  the  diameter  of 
mean  value  along  the  gauge. 


Position,  L/rrm 


Fig.  3,  Distribution  of  diameter 
Along  gauge 

Fiber  cross-section  shape 
Cross-section  of  fibers  was  observed  with 
SEM  as  is  shown  in  Fig.  4.  It  was  found  that 
fiber  cross-section  shape  was  close  to 
circular.  Assuming  the  shape  elliptic,  the 
short  and  long  axes  were  measured  giving  the 
mean  ratio  R=0.97  while  1%  measurement 
error  gives  R=0.98  for  the  case  of  circular 
cross  section.  Thus,  the  cross  section  was 
regarded  close  to  circular  and  was 
approximated  pure  circle  in  the  following 
analyses. 


Fig.  4,  cross-section  of  the  fiber 

Tensile  test  and  Weibull  scaling 

Fiber  sections  of  5pm  and  6pm  in  the 
diameters  were  selected  as  the  tensile 
samples  in  order  to  estimate  the  location  of 


critical  flaws.  The  tensile  strength  was  scaled 
in  single-modal  Weibull  manner  as  depicted 
in  Fig.  5  resulted  in  the  parameters  of  table  2. 
Each  correlation  coefficient  was  0.99. 

2.0 
1.0 
cl  o.o 

i 

i-i.o 

i 

S  -2.0 
-3.0 
-4.0 

1.0  1.2  1.4  1.6  1.8  2.0 

ln[cr] 

Fig.  5,  Weibull  plot 


Table  2,  Weibull  parameters 


Diameter 

5mm 

6mm 

Sample  Numbers 

36 

41 

Surface  area 

2.0xl0W 

H- 

X 

o 

B^ 

m 

6.7 

7.7 

os 

5.8GPa 

5.1GPa 

Omean 

6.1GPa 

5.3GPa 

Each  cumulative  probability  distribution  is 
shown  in  Fig.  6. 


Fig.  6,  Cumulative  probability 
distribution 


If  critical  flaws  were  distributed  uniformly 
in  fiber  volume,  the  curves  were  expected 
show  good  agreement.  However,  no 
agreement  was  observed  for  the  curves  in 
Fig.6. 
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Then,  surface  area  scaling  factor  was  used 
to  predict  fracture  probability  distributions  of 
imaginary  D=5pm  samples,  with  the  Weibull 
parameters  of  D=r6pm  samples.  As  volume 
condition  of  V=2.5  X  10‘,3m3  was  set  for 
both  samples,  imaginary  D=5pm  samples 
have  less  surface  area  than  D=6|im  samples. 
The  solid  line  in  Fig.7  thus  appears  over  the 
D=6pm  data  points.  However,  real  data 
points  of  D=5pm  appear  below  the  D=6jxm 
data  points.  Therefore,  surface  flaws  were 
estimated  less  sensitive  for  the  final  fracture 
than  flaws  inside  the  fiber  volume. 

Similarly,  cross  section  area  was  applied 
as  the  scaling  factor  to  assess  if  onion 
structure  of  carbon  fiber  causes  tubular 
critical  flaws.  The  result  is  shown  as  dashed 
line  in  Fig.  7.  This  result  shows  better 
consistency  with  the  experimental  results 
than  the  prediction  in  surface  flaw 
assumption. 


Fig.  7,  Comparison  of  strength  prediction 
by  the  size  parameter 

Therefore,  surface  flaws  are  estimated  less 
sensitive  than  internal  flaws  while  the 
distribution  is  not  uniform  in  the  volume. 
What  is  more,  fiber  diameter  appeared  as  an 
important  factor  on  the  distribution  of  critical 
flaw.  Thus,  improvement  in  the  tensile 
strength  is  expected  by  controlling  the 
diameter  in  fiber  production  process. 


Conclusions 

The  tensile  strength  of  IM  600  carbon 
fiber  has  been  scaled  both  for  the  surface  area 
and  the  volume  in  single-modal  Weibull 
manner,  in  order  to  estimate  the  effect  of 
diameter  on  the  location  of  critical  flaws. 
Each  sample  fiber  has  been  thus  measured  in 
the  diameter  along  the  gauge  beforehand  the 
tensile  test. 

It  is  concluded  with  this  work  as 
follows. 

(1)  Each  IM  600  carbon  fiber  possesses 
uniform  diameter  along  the  gauge. 
However,  the  diameters  distribute 
between  fibers. 

(2)  It  is  estimated  on  the  fiber  fracture  that 
the  flaws  are  less  sensitive  on  the  surface 
than  inside  the  volume. 

(3)  Fiber  diameter  is  an  important  factor  on 
the  distribution  of  critical  flaw.  Thus, 
improvement  in  the  tensile  strength  is 
expected  by  controlling  the  diameter  in 
production  process. 
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ABSTRACT 

This  paper  reports  a  new  test  method  to 
evaluate  bending  strength  of  composite  pipes. 
In  the  past,  we  proposed  a  compression  bending 
test  method  to  get  more  reliable  bending 
strength  data  not  only  of  flat  CFRP  coupons  but 
also  of  slender  CFRP  pipes  than  conventional 
three-  or  four-point  bending  test.  In  the  present 
paper,  this  eccentric  compression  bending  test 
method  is  successfully  applied  to  CFRP  pipes 
whose  diameter  is  large. 

INTRODUCTION 


means  of  the  compression  bending  was  larger 
than  that  measured  by  the  3-point  bending. 

During  a  series  of  test  of  Ref.  [8],  another 
difficulty  took  place.  That  is,  if  the  diameter  of 
the  pipe  is  large,  the  Euler  buckling  has  least 
likely  occurred.  Then,  as  a  successive  work,  we 
tried  a  bending  by  means  of  eccentric 
compression  as  shown  in  Fig.l. 

In  the  present  paper,  the  results  of  the 
eccentric  compression  bending  will  be  shown. 


PRINCIPLE  OF  ECCENTRIC 
COMPRESSION  BENDING 


It  is  well  known  that  the  bending  strength  of 
CFRP  coupon  is  strongly  affected  by  the  stress 
concentration  due  to  a  hard  loading  device.  The 
works  of  Whitney[l]  and  Cui  and  Wisnom[2] 
are  some  examples  to  have  dealt  with  this  stress 
concentration. 

To  compensate  for  this  undesirable  effect,  the 
authors  have  hitherto  demonstrated  and 
proposed  a  compression  bending  test 
method[3-6]  which  is  based  on  Euler  buckling 
of  a  column.  If  we  measure  only  the  applied 
load  and  the  crosshead  movement  during  the 
buckling  process  of  the  column,  we  can 
calculate  both  the  bending  strength  and  the 
bending  modulus  applying  the  elastica[7]. 

The  above  undesirable  effect  of  loading 
device  used  for  3-  or  4-point  bending  will  be 
more  serious  for  CFRP  pipes;  in  most  cases  the 
pipe  will  be  crushed  by  the  loading  nose  rather 
than  a  bending  failure.  Then,  as  a  second  step, 
we  tried  to  apply  this  compression  bending  test 
to  several  kinds  of  CFRP  pipes[8].  Again  it  was 
demonstrated  that  the  bending  strength  by 


In  the  case  of  eccentric  compression 
bending  of  Fig.l,  the  bending  moment  of  an 
arbitrary  point  is  [9] 


Mx  =P(e  +  d-y) 

(1) 

and  the  maximum  bending  moment  at  the  center 

of  the  pipe  is 

Mmm  =P(e  +  d) 

(2) 

Then  the  maximum  bending  stress  is 

__  Mmax 
max  ^ 

(3) 

where  Z  is  the  section  modulus  of  the  pipe.  If 
the  axial  compressive  stress  should  be  taken  into 
account, 


(4) 


967 


is  the  maximum  stress,  where  A  is  the  cross 
sectional  area  of  the  pipe.  Equation  (4)  can  be 
understood  as  the  maximum  compressive  stress 
at  failure. 


x  p 


Fig.  1  Eccentric  compression 
bending. 

SPECIMEN  AND  TEST  PROCEDURE 
Test  Specimen 

All  specimens  tested  here  are  CFRP  pipes 
where  carbon  prepregs  with  longitudinal 
direction  (thickness:  0.10mm)  and  transverse 
direction  (thickness:  0.02mm)  are  wound  on  a 
cylindrical  mandrel  as  is  schematically  shown  in 
Fig.2.  Two  kinds  of  pipes  were  used  for  this  test. 
They  are,  Type  A:  two  plies  of  this  prepreg,  and 
the  thickness  is  about  0.25mm;  Type  B:  four 
plies  of  this  prepreg  which  means  the  wall 
thickness  is  double,  ca.0.50mm.  The  inner 
diameter  of  every  pipe  was  fixed  to  15mm 
against  the  previous  work  of  3,  5,  15mm 
diameters[8],  because  this  test  was  mainly 
focused  on  relatively  large-diameter  pipes. 


Fig.  2  Fabrication  of  CFRP  pipe. 


Eccentric  Compression  Bending  Test 

Figure  3  is  a  schematic  view  of  the  device 
for  the  eccentric  compression  bending.  To 
realize  compressive  load  plus  bending  moment 
at  the  ends  of  specimen,  we  designed  and 
machined  special  fixtures.  Most  of  eccentric 
compression  bending  tests  were  performed  at 
the  crosshead  speed  of  5mm/min.  Tests  were 
performed  under  the  specimen  length  of  500, 
600  or  700mm  and  the  arm  length  (eccentricity) 
of  10, 20, 30, 40  or  50mm.  At  least  5  specimens 
were  tested  at  each  condition.  In  the  experiment, 
the  applied  load  was  measured  with  a  load  cell 
attached  to  an  Instron-type  testing  machine  and 
the  midspan  deflection  was  measured  with  a 
displacement  transducer.  These  data  were 
saved  in  a  personal  computer  at  every  Is. 


LOAD 

*  P 


Fig.  3  Schematic  view  for  eccentric 
compression  bending. 

RESULTS  AND  DISCUSSION 
Type  A  specimens 

Figure  4  shows  the  relation  between  the 
failure  stress  and  the  eccentricity  where  the 
failure  stress  is  calculated  by  eq.(4).  Each 
symbol  indicates  the  average  and  each  vertical 
range  shows  the  standard  deviation. 

According  to  Fig.  4,  the  failure  stress  tends  to 
decrease  with  increasing  the  eccentricity.  This 
result  is  more  or  less  strange  because  the 
bending  strength  should  be  the  same  regardless 
the  arm  length,  e,  is  changed. 

To  make  clear  the  above  strange  result,  we 
observed  the  failure  pattern.  All  of  Type  A 
specimens  exhibited  longitudinal  splitting  and 
load-bearing  capacity  decreased.  They  did  not 
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separated  into  two  pieces.  As  was  described  in 
“Test  specimen,”  the  number  of  fibers  in 
longitudinal  direction  is  5  times  of  that  in  the 
transverse  (hoop)  direction.  The  failure 
mechanism  of  generating  splitting  may  be 
understood  as  follows:  Under  the  bending 
moment,  a  flattening  of  the  cross  section  takes 
place;  due  to  this  flattening,  carbon  fibers  in  the 
hoop  direction  breaks;  finally  longitudinal 
splitting  occurs. 

If  the  above  assumption  is  acceptable,  the 
evaluation  should  be  done  using  eq.(3),  instead 
of  eq.(4)  and  Fig.5  is  the  recalculation  taking 
into  account  the  bending  moment  only,  eq.(3). 
Comparing  to  Fig.4,  data  of  Fig.5  are  rather 
uniform.  By  the  way,  the  conventional  3-point 
bending  was  almost  impossible  for  Type  A 


Fig.  4  Failure  stress  vs.  eccentricity.  (Type  A) 


Fig.  5  Maximum  bending  stress  vs.  eccentricity. 
(Type  A) 


specimen,  that  is,  at  very  small  load  (stress),  the 
splitting  occurred. 

Type  B  specimen 

In  this  case,  the  failure  pattern  seems  to  be  a 
bending  failure.  Although  we  could  not  identify 
the  point  of  failure  initiation  (compression  side 
or  tension  side),  it  separated  into  two  pieces. 
Due  to  minor  problem  of  the  attachment,  we 
could  not  obtain  reliable  data  of  L=600mm  and 
700mm.  Figure  6  is  the  result  of  L=500mm 
where  the  failure  stress  is  calculated  by  eq.(4). 
Apparent  effect  of  the  eccentricity  on  the  failure 
stress  was  not  observed  and  eq.(4)  might  be  able 
to  be  used  as  a  measure  to  evaluate  the  bending 
strength. 

Comparing  Fig.4  or  Fig.5  with  Fig.6,  the 
failure  stress  of  Type  B  specimens  (Fig.6)  is 
much  higher  than  that  of  Type  A  specimens 
despite  that  the  same  prepregs  were  used.  This 
may  be  another  proof  that  the  failure  pattern  of 
Type  A  specimens  is  not  a  bending  failure  in  the 
sense  of  “strength  of  materials.” 


Fig.  6  Failure  stress  vs.  eccentricity.  (Type  B) 

This  compression  bending,  even  eccentric 
compression  bending,  inevitably  includes 
compressive  stress  in  addition  to  bending  stress. 
If  the  ratio  of  the  compressive  stress  to  the 
bending  stress  is  large,  it  is  no  more  called  a 
bending  test.  Figure  7  shows  the  most  severe 
case  of  thicker  specimen  (Type  B)  and  shorter 
length  (l=500mm)  where  a  ^p,  is  calculated  by 
P/A.  When  the  specimen  length  is  large  (1=600, 
700mm)  or  when  the  wall  thickness  is  thin 
(Type  A),  the  ratio  decreases  compraring  to 
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Fig.7.  Thus  it  may  be  concluded  that  the  present 
eccentric  compression  bending  test  is  acceptable 
from  practical  view  point. 


Fig.  7  Ratio  of  compressive  stress  to  bending 
stress.  (Type  B) 

CONCLUSIONS 

An  eccentric  compression  bending,  a  revised 
version  of  the  compression  bending,  was  tried 
against  CFRP  pipes.  For  thin-wall  pipes,  it  was 
rather  difficult  to  generate  bending  failure 
whereas  fairly  good  results  were  obtained  for 
thicker-wall  pipes. 
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Abstract 

Fatigue  behavior  of  an  orthogonal 
3-Dimentional  woven  Si-Ti-C-0  fiber 
reinforced  Si-Ti-C-0  matrix  composite  was 
investigated  at  room  temperature  in  air. 
Monotonic  tension  and  tensile  fatigue  tests 
were  conducted.  As  a  result,  the  ultimate 
tensile  strength  increased  with  a  loading  rate. 
The  fatigue  life  of  the  composite  seems  to  be 
time-dependent.  The  damages  during  fatigue 
tests  were  evaluated  by  the  reduction  of 
Young’s  modulus,  which  was  almost 
time-dependent.  The  residual  strength  of  the 
fatigued  specimen  was  investigated  and  the 
result  was  discussed. 

Key  Words:  Ceramic  Matrix  Composite, 
Stress  Corrosion  Cracking,  Fatigue 

Introduction 

Ceramic  Matrix  Composite  (CMC)  is 
regarded  as  one  of  the  most  promising 
candidate  materials  for  high  temperature 
components  in  some  aerospace  applications 
such  as  after  burner,  combustion  and  even 
turbine  blades  of  turbine  engines.  The 


research  on  CMC  has  been  a  hot  topic, 
because  of  its  high  fracture  toughness  and 
thermal  resistance.  From  the  fracture 
modeling  demonstrated  by  Curtin  [1]  [2], 
and  Evans  [3],  it  is  known  that  not  only  the 
fiber  and  matrix  strengths  but  also  the 
fiber/matrix  interface  sliding  stress  strongly 
affect  the  composite  strength.  But  more  must 
be  known  before  CMCs  were  widely 
accepted,  especially  about  the  fatigue 
properties  and  mechanism,  because  they 
were  not  studied  well.  Moreover,  the 
influence  of  stress  corrosion  cracking  (SCC) 
was  not  studied  sufficiently.  In  this  study, 
monotonic  tension  and  tensile  fatigue  tests 
were  conducted  on  Si-Ti-C-0  fiber  / 
Si-Ti-C-0  matrix  composite,  and  the  effect 
of  SCC  on  the  mechanical  properties  was 
investigated. 

Experimental  Procedure 

The  composite  used  in  this  study  was 
processed  by  polymer  impregnation  and 
pyrolysis  (PIP)  of  Si-Ti-C-0  matrix  into  an 
orthogonal  3-D  woven  Si-Ti-C-0  Tyranno™ 
Lox-M  fiber  preform.  Before  the  pyrolysis, 
the  preform  was  heat  treated  in  CO 
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atmosphere  (TM-S6)  to  decrease  the 
interface  sliding  stress  between  the  fiber  and 
the  matrix.  The  composite  contained  about 
40vol%  Si-Ti-C-0  fibers  (in  x,  y,  and  z 
directions  being  19.6,19.6,  and  2.6vol% 
respectively)  and  about  10vol%  of  porosity. 
The  average  diameter  of  Si-Ti-C-0  fiber 
was  8.5p.m,  and  each  bundle  consisted  of 
1600  fibers.  Both  of  monotonic  tension  and 
fatigue  tests  were  conducted  with  the 
loading  direction  of  y-axis.  The  surfaces  of 
the  specimens  were  polished  before  the  tests 
to  observe  the  initiation  and  the  propagation 
of  matrix  cracks. 

The  monotonic  tensile  tests  were  conducted 
with  a  loading  rate  ranged  from  0.02  to 
lOMPa/s  under  load  control  to  investigate 
the  effect  of  SCC  on  strength  of  the 
composite.  The  fatigue  tests  were  conducted 
with  a  sinusoidal  waveform  under  load 
control  with  a  load  ratio  of  0.1,  frequency  of 
0.2  and  20Hz.  The  specimen  fatigued  at  the 
maximum  stress  of  260MPa  for  105  cycles 
with  a  frequency  of  0.2Hz  was  interrupt  and 
then  the  residual  strength  was  measured.  All 
the  mechanical  tests  were  performed  on  a 
servo-hydraulic  testing  system  (Model  8501, 
Instron,  USA)  at  room  temperature(25'C)  in 
air  (humidity:  40%).  To  measure  the  strain, 
two  strain  gages  (gage  length:  5mm)  and  a 
clip  gage  type  extensometer  (Instron 
2620-602)  were  used.  The  initiation  and 
propagation  of  matrix  cracks  during  the  tests 
were  observed  by  replica  method.  After  the 
fracture,  the  specimens  were  examined  by 
using  optical  microscopy  (OM)  and 
scanning  microscopy  (SEM). 

Result  and  Discussion 
Monotonic  tension 

The  stress-strain  curves  of  monotonic  tensile 
tests  are  shown  in  Fig.l.  The  matrix  crack 
densities  are  shown  in  Fig.  2  as  a  function  of 
applied  stress.  When  the  stress  is  up  to 
lOOMPa,  Fig.  1  shows  linear  behavior 
because  of  no  matrix  cracks  were  formed. 
The  composite  is  elastic  in  this  stress  range. 
Then  the  stress-strain  curve  shows  nonlinear 
behavior  when  stress  increases  from  100  to 
250MPa,  because  of  the  initiation  and 


propagation  of  matrix  crack  in  the  0°  and 
90°  fiber  bundles.  The  stress  /  strain  curves 
show  linear  behavior  again  above  250MPa, 
because  matrix  crack  densities  are  saturated 
and  the  0°  fibers  primarily  bear  the  load. 
Detailed  description  regarding  non-linear 
stress  /  strain  behavior  of  the  composite  was 
reported  elsewhere  [4]. 


Fig.  1  Stress-strain  curve  of  monotonic  tensile 
tests  on  the  SiC/SiC  composite. 
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Fig.  2  Crack  density  for  each  stress  level  during 
monotonic  tensile  test  on  the  SiC/SiC  composite. 


The  ultimate  tensile  strength  increases  with 
a  loading  rate.  In  the  case  of  monolithic 
ceramics  and  glasses,  it  is  known  that  the 
strength  decreases  by  the  slow  crack  growth 
(SCG)  due  to  SCC.  The  crack  propagation 
rate  due  to  SCC  is  generally  expressed  by  a 
following  equation. 


da/dt  =  CKn  (1) 

where  a  :  crack  length,  t:  time,  Ki:  stress 
intensity  factor,  C  and  n:  material  and 
environmental  dependent  constants.  Stress 
intensity  factor  is  known  to  be  expressed  by 
a  following  equation. 

K '  -  Ya^/jia  (2) 
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Therefore,  it  is  known  that  the  relationship 
between  the  loading  rate  a  and  the 
parameter  of  crack  propagation  “n”  can  be 
expressed  by  a  following  equation  [5]. 

logo, 

=  (1  In  + 1)  logcr  +  (1/n  + 1)  log  B(n  + 1  )o£’  (3) 

where  B  =  2 j(n  -  2)AY1K"  2jt 

Of:  strength,  Oinert;  inert  strength.  The 
relationship  between  the  loading  rate  and  the 
strength  is  shown  in  Fig.  3.  The  estimated 
parameter  “n”  is  39  for  the  composite. 


0.01  0.1  1  10  100 
In  aMPa/s 

Fig.  3  Relationship  between  strength  and 
the  loading  rate  curve. 

Fatigue 

The  maximum  stress  versus  number  of 
cycles  to  failure  curves  are  shown  in  Fig.  4. 
The  fatigue  life  at  20Hz  is  slightly  longer 
than  that  at  0.2Hz.  Based  on  SCC  model, 
equivalent  time  can  be  defined  for  the 
number  of  cycles  as  follows  [5]. 

K=gN  (4) 

s-r[*wf*  (5) 

h  (art)  =  (l  +  R)  +  (l-R)  sin(art)/2  (6) 

where  R  :  stress  ratio  to :  angular  frequency. 
Equivalent  time  corresponds  to  the  time 
under  constant  load  o  max.  The  stress  versus 
equivalent  time  to  failure  curves  are  shown 
in  Fig.  5.  The  fatigue  lifetimes  in  20Hz  seem 
to  be  smaller  than  these  in  0.2Hz.  The 
experimental  result  suggests  that  the  fatigue 
behavior  of  the  composite  is  influenced  by 
both  SCC  and  cyclic  damages. 


10°  101  io2  103  104  10s  io6  io7 
Cycles  to  Failure,  N  cycle 


Fig.  4  S-N  curves  of  SiC/SiC  composite. 
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Fig.  5  Maximum  stress  versus  equivalent  time  to 
failure  curves  of  the  SiC/SiC  composite. 

Normalized  Young’s  modulus  as  a  function 
of  equivalent  time  is  shown  in  Fig.  6.  They 
were  calculated  from  the  slope  of  the 
hysteresis  loops.  The  modulus  deceases 
significantly  in  the  first  cycle  because  of  the 
matrix  crack  propagation.  The  reduction  of 
modulus  does  not  depend  on  number  of 
cycle  but  equivalent  time.  This  demonstrates 
that  a  time-dependent  mechanism  mainly 
affects  the  microscopic  damages.  It  is  known 
that  SCC  is  the  main  damage  mechanism  for 
SiC  ceramics  under  tensile  stress.  The 
present  results  suggest  that  microscopic 
damages  are  strongly  influenced  by  SCC 
mechanism. 


Equivalent  time,t  sec 

Fig.  6  Reduction  of  Young's  modulus  with 
time  of  the  SiC/SiC  composite  during  fatigue. 
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Residual  strength 

The  specimen  used  for  pre-fatigue  test  was 
fatigued  at  a  maximum  stress  of  260MPa  for 
the  equivalent  time  of  4xl04  sec  (10s  cycles). 
The  stress-strain  curves  for  the  original 
specimen  and  fatigued  specimen  are  shown 
in  Fig.  7.  The  initial  Young’s  modulus  of  the 
pre-fatigued  specimen  is  lower  than  that  of 
the  original  specimen  due  to  the  fatigue 
damages.  However,  the  ultimate  tensile 
strength  of  pre-fatigued  specimen  is  the 
almost  same  as  that  of  the  original  specimen. 
The  similar  experimental  results  were 
reported  by  Holmes  et  al.  [6]. 


Strain, e  % 

Fig.  7  Stress-strain  curves  of  the  original  and 
pre-fatigue  specimens. 


The  fatigued  specimen  must  be  influenced 
by  SCC,  but  the  residual  strength  did  not 
decrease.  Therefore,  based  on  SCC  model, 
strength  reduction  of  the  composite  was 
estimated  by  eq.  (8).  From  the  equation  (1), 
(2)  and  (3),  the  following  equations  are 
obtained  [7]. 

rl  = 

2(n  +l)[fl;<<",2H»  -  2)(Yomi^) 

r  /  2  Tn'2 

o!ai  =  (8) 

where  a  *:  initial  crack  length,  a:  strength, 
Oil  initial  strength,  ow  maximum  stress  of 
loading,  a  :crack  length.  The  normalized 
strength  is  shown  in  Fig.  8  as  a  function  of 
equivalent  time.  It  is  understood  that  the 
tensile  strength  of  the  fatigued  specimen 
(260MPa,  4xl04sec)  hardly  decrease. 
Therefore  the  strength  degradation  was  not 
observed  in  fatigued  specimen. 


Equivalent  time,  sec 


Fig.  8  The  estimated  strength  reduction  due  to 
SCC  as  a  function  of  equivalent  time. 


Conclusions 

Fatigue  behavior  of  an  orthogonal  3-D 
woven  Si-Ti-C-0  fiber  reinforced  Si-Ti-C-0 
matrix  composite  was  investigated  at  room 
temperature  in  air.  The  following 
conclusions  were  made: 

1.  The  composite  strength  increased  with  a 
loading  rate,  because  of  the  effect  of  SCC. 

2.  Although  the  fatigue  life  of  the  composite 
is  mainly  time-dependent,  the  effect  of 
cyclic  loading  on  fatigue  life  was  also 
observed. 
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Abstract 

Recently,  the  vibration  and  the  noise 
problem  of  machines  attract  attention  in  our 
living  and  especially  in  the  precision 
machine  industries,  the  demand  for  higher 
damping  materials  with  higher  strength  has 
increased.  On  these  materials,  Ti-Ni  and  Ti- 
Ni-Cu  alloys  are  the  most  attractive  alloys. 
However,  there  is  difficulty  in  its 
workability.  Therefore,  in  this  study,  the 
alloys  were  made  from  Ti/Ni  or  Ti/Ni-Cu 
laminated  materials  by  the  solid  diffusion 
method.  The  highest  damping  was  obtained 
in  Ti-40Ni-10Cu  (at%)  and  6  =0.1  at  250K 
and  the  ultimate  tensile  strength  was  650 
MPa. 

Key  words:  Internal  friction.  High  damping, 
TiNi ,  TiNiCu ,  Martensitic  transformation 

Introduction 

Recently,  the  vibration  and  the  noise 
problem  of  machines  attract  attention  in  our 
living  and  especially  in  the  precision 
machine  industries,  the  demand  for  higher 


damping  materials  with  higher  strength  has 
increased. 

The  TiNi  and  TiNiCu  alloys  have  good 
characteristics  with  respect  to  high  damping 
capacity  and  high  strength.  However,  there 
is  difficulty  in  their  workability.  Therefore, 
we  made  TiNi  and  TiNiCu  alloys  from 
laminated  materials  by  the  solid  diffusion 
method. 

In  this  paper,  the  processing  of  TiNi  and 
TiNiCu  alloys  from  Ti/Ni  and  Ti/Ni-Cu 
laminated  materials  by  the  solid  diffusion 
method  and  the  effects  of  the  composition, 
and  annealing  time  on  the  internal  friction 
are  reported. 

Experimental 
Material  procedure 

Square  titanium  sheets  with  thickness  of 
0.2  mm  and  nickel  sheets  with  thickness  of 
0.10  to  0.15  mm  or  nickel-copper  sheets 
with  thickness  of  0.13mm  were  used  in  this 
process.  These  were  cleaned  before 
assembly,  and  then  stacked  about  180  layers 
in  TiNi,  or  181  layers  in  TiNiCu.  The  stack 
was  put  into  steel  box  and  evacuated.  After 
hot  rolling,  the  surface  steel  was  eliminated 
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Internal  Friction 


and  cold  rolled. 

The  rolled  plate  was  next  cut  into  small 
plates  and  again  sealed  in  the  stainless  steel 
case.  The  case  was  pumped  down  to  a 
pressure  of  5.0  Pa,  and  then  annealed  at 
1163K  for  1.8  to  860ks  for  homogenizing 
and  subsequently  quenched  in  water. 

The  compositions  of  the  samples  were 
controlled  by  changing  the  thickness  and 
stack  number  of  Ti  and  Ni  sheets  in  TiNi,  by 
changing  the  composition  of  Ni-Cu  sheets  in 
TiNiCu.  Table  1  shows  the  results  of 
chemical  analysis  of  samples. 

Measurements 

Measurements  of  the  temperature 
dependence  of  the  damping  capacity  (here 
after  internal  friction)  and  Young’s  Modulus 
were  carried  out  using  the  transverse 
vibration  method  (ULVAC  IFT-1500Y).  The 
size  of  specimen  was  120  x  10  x  0.6  mm3 
and  the  frequency  was  100  to  150  Hz  at 
room  temperature.  After  austenitizing  at 
400K  and  cooling  to  150K,  internal  friction 
was  measured  on  heating  to  400K  at  the  rate 
of  2K/min.  The  strain  amplitude  was  7  x  KV6. 
The  tensile  testing,  SEM(scanning  electron 
microscopy)  and  DSC(differential  scanning 


Temperature  [K] 


Fig.l  The  temperature  dependence  of 
internal  friction  and  Young’s  modulus  of 
Tl,  T2,  TN,  Nl  and  N2 


Table.l  Results  of  chemical  analysis  of 


_ samples _ 

Sample  No  Tl  T2 

Chemical  analysis(at%)  Ti-46  INi  Ti-48.5Ni 
TN  Nl  N2 

Ti-50Ni _ Ti-52.6Ni _ Ti-544Ni 

TNC1  TNC2 


Ti-40.1Ni-10.1Cu  Ti-46.0Ni-5.3Cu 

TNC3 

Ti-47.7Ni-2.0Cu 


calorimetry)  were  performed  to  interprete 
the  results.  TEM(transmission  electron 
microscopy)  was  also  used  to  identify  the 
nanostructure. 

Results  and  discussion 

Internal  friction  and  Young's  modulus 

Effect  of  composition 
Fig.  1  shows  the  temperature  dependence  of 
the  internal  friction  and  Young’s  modulus  of 
T,,  T2,  TN,  N,  and  N2  samples  annealed  at 


Fig.2  The  temperature  dependence  of 
internal  friction  and  Young’s  modulus  of 
TNC1,  TNC2  and  TNC3 
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Young’s  Modulus  (GPa) 


Fig.3  Arrhenius  plot  from  the  present 
data  and  the  former  data 

1163K  for  260ks  on  the  heating 

measurement.  In  Ti-rich  T,  and  T2,  the  rapid 
decrease  in  the  internal  friction 

corresponding  to  the  minimum  Young’s 
modulus  was  observed  at  around  320K.  in 
TN  sample,  the  decrease  in  the  internal 
friction  corresponding  to  the  broad 
minimum  of  Young’s  modulus  was  observed 
in  the  temperature  range  from  250  to  350K. 
A  large  internal  friction  peak  was  observed 
at  around  250K.  In  Ni-rich  N,  and  N2,  the 
decrease  in  the  internal  friction 

corresponding  to  the  Young’s  modulus 
minimum  was  observed  at  around  290K.  All 
those  changes  are  due  to  phase  change  of 
martensite  to  austenite.  Besides  of  those 
phenomena,  a  large  internal  friction  peak 
was  observed  at  around  230K  in  TN,  N,  and 
N2. 

Fig.2  shows  the  temperature  dependence 
of  the  internal  friction  and  Young’s  modulus 
of  TNC1  TNC2  and  TNC3  samples 
annealed  at  1163K  for  260ks  on  the  heating 
measurement.  In  TNC1,  TNC2  and  TNC3, 
the  minimum  of  Young’s  modulus  and  the 
maximum  of  internal  friction  were  observed 
at  250K,  150k  and  250k  respectively.  The 
deviation  of  the  temperature  of  the 
maximum  internal  friction  in  TNC2  came 
from  the  Ni  content.  As  for  the  background 


Fig.4  The  temperature  dependence  of  the 
internal  friction  and  Young’s  modulus  of 
TN  for  21.6, 64.8  and  260ks 


Fig.5  The  temperature  of  dependence  of 
the  internal  friction  and  Young’s  modulus 
of  TNC1  for  1.8, 21.6  and  260ks 


internal  friction  below  the  transformation 
temperature,  it  can  be  attributed  to  the 
motion  of  twin  boundary  in  martensite. 
Since  it  is  not  dependent  on  temperature,  it 
is  considered  to  be  due  to  hysteresis  of  twin 
boundary.  The  higher  background  damping 
in  TNC  alloys,  would  be  due  to  B19  phase 
in  TNC  in  which  twin  boundary  is  more 
mobile.  Fig.3  shows  Arrhenius  plot  for  the 
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relaxation  peaks  of  the  previous  results  and 
the  present  data.  Line  A,  B  were  plotted 
from  the  present  data  and  the  former  data  [1] 
~  [5],  These  peaks  in  Fig.l  and  Fig.2 
corresponded  to  Line  A  which  were  found  at 
higher  temperature  than  Line  B,  and  this 
shows  that  the  mechanism  is  not  Bordoni 
peak  but  dislocation-point  defect  interaction 
peak  [6]  when  dislocations  are  contained. 

Since  dislocations  were  observed  in  those 
samples,  the  observed  relaxation  peak  may 
be  due  to  an  interaction  between  point 
defects  and  dislocations.  In  T,  and  T2  in 
Fig.l  the  peak  was  not  observed.  In  this  case 
the  pinning  of  dislocations  due  to  fine  Ti2Ni 
are  considered. 

Effect  of  annealing  time 
Fig. 4  shows  the  temperature  dependence  of 
the  internal  friction  and  Young’s  modulus  of 
the  TN  sample  annealed  at  1I63K  for  21.6, 
64.8ks(shorter  time  annealing)  and 
260ks(longer  time  annealing).  In  shorter 
time  annealing,  Ti-rich  and  Ni-rich  regions 
coexisted.  Therefore  background  decreased 
and  peak  height  decreased.  However  in 
longer  time  annealing,  background  and  peak 
height  increased  due  to  homogenization. 
Fig. 5  shows  the  results  on  TNC1.  The 
similar  results  as  Fig.4  were  obtained. 
Finally  the  highest  damping  8  =0.1  was 
obtained  at  250K.  The  strength  was  650 
MPa. 

Conclusion 

In  this  study,  the  processing  method  of 
the  TiNi  and  TiNiCu  alloys  from  the  Ti/Ni 
and  Ti/Ni-Cu  laminated  materials  by  the 
solid  diffusion  method  was  established,  and 
the  effect  of  composition  and  annealing  time 
on  the  internal  friction  and  tensile  strength 
were  investigated.  The  results  are  as  follows. 

(1)  In  TiNi,  the  TN  sample  showed  the 
maximum  damping  capacity.  And  in 
TiNiCu,  the  TNC1  sample  showed  a 
higher  damping  capacity.  These  peak 
mechanisms  might  be  due  to  an 


interaction  between  dislocations  and 
point  defects.  And  the  background 
damping  would  be,  due  to  hysteretic 
motion  of  twin  boundary  in  martensite. 

(2)  In  the  sample  of  short  annealing  time,  a 
high  damping  capacity  was  shown  in  the 
wide  temperature  range.  It  might  be  due 
to  the  coexistence  of  the  Ti-rich  and  Ni- 
rich  areas  or  the  Ti-rich  and  Ni-Cu-rich 
areas. 

(3)  The  highest  damping  6  =0.1  was 
obtained  at  250K.  The  strength  was  650 
MPa. 
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Abstract 

Phenol  resin  has  originally  advantages 
of  heat  proof,  flame  proof  and  less  smoke 
during  burning  and  these  advantages  are 
suitable  properties  in  the  construction  field. 

In  this  paper,  we  present  a  development 
of  pultrusion  technique  of  phenol  foam 
composite  materials  using  phenol  resin  foam 
as  matrix  and  roving  glass  fibers  as  a 
reinforcement  in  order  to  apply  this 
composite  to  materials  in  the  field  of 
construction.  In  the  case  of  molding  phenol 
foam  composites,  it  is  important  to  control 
the  foaming  time  by  a  use  of  thermal  support. 
Next,  this  paper  also  shows  mechanical 
strengths  of  the  phenol  foam  composite 
comparing  with  those  of  woods.  As  a  result, 
the  phenol  foam  composite  shows  a 
possibility  of  use  in  the  field  of  construction 
like  natural  woods. 

Key  Words:  Phenol  Resin  Foam,  Plutrusion 
Glass  fiber,  compressive  strength 


Introduction 

Phenol  foam  composites  using  phenol 
resin  foam  as  a  matrix  and  roving  glass  fibers 
as  a  reinforcement  exhibit  further  weight 
saving,  shock  absorption,  high  insulation  and 
flame  proof.  The  phenol  resin  has  originally 
advantages  of  heat  proof  flame  proof  and 
less  smoke  during  burning.  These  advantages 
are  suitable  for  applying  to  materials  in  the 
field  of  construction.  Furthermore,  this 
composite  may  also  apply  to  the  fields  of 
space  structures  because  of  the  inflatable 
function. 

In  order  to  mold  phenol  foam 
composites,  a  plutrusion  technique,  which 
can  produce  composites  having  the  same 
cross  section  and  optional  length,  is  very 
useful  because  the  volume  and  arrangement 
of  fibers  in  the  cross  section  of  composite 
can  be  almost  kept  constant.  We  developed 
the  system  of  pultrusion  facilities  as  shown 
in  Fig.l.  In  a  general  way  of  pultrusion 
forming,  glass  fibers  pulled  from  roving  rack 
are  immersed  in  resin  bath  before 
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Fig.l  Plutrusion  Facilities 

introducing  to  a  iron  die,  or  they  are  sprayed 
by  the  pressured  resin  in  the  interior  of  die. 

In  the  matrix  of  resin  foam  type,  we 
could  not  use  both  ways  stated  above  and  we 
developed  an  original  feeder  machine  to 
mold  phenol  foam  composite  materials.  This 
feeder  machine  could  store  and  pump  up 
phenol  resin  containing  a  foaming  agent, 
di-chloromethane,  and  a  curing  agent 
separately.  This  machine  mixed  them  at  a 
certain  rate  in  the  inside  of  mixing  head  just 
before  feeding  to  glass  fibers. 

If  the  phenol  resin  containing  the 
foaming  agent  was  mixed  with  the  curing 
agent,  the  temperature  of  resin  increased 
owing  to  chemical  reaction.  When  the  raise 
of  temperature  was  over  39.8°c  of  a  boiling 
point  in  di-chloromethane,  the  foaming 
started  and  the  phenol  resin  continuously 
became  hard.  In  order  to  mold  the  phenol 
foam  composite  by  the  pultrusion  method, 
roving  glass  fibers  should  be  sufficiently 
immersed  in  the  phenol  resin  before  the  start 
of  foaming.  Therefore,  it  is  important  control 
the  time  before  foaming  and  then  the  time 
during  foaming  affects  on  a  pulling  velocity 
in  the  plutrusion  forming.  Thus,  an 
experimental  research  is  required  to  know 
the  condition  of  forming  process  and  to 
investigate  proper  quantities  of  phenol  resin 
and  the  foaming  and  curing  agents. 


Furthermore,  the  relations  of  their  quantities 
to  an  expansion  ratio,  the  proper  velocity  of 
pulling  out  and  a  compressive  strength  of 
composites  should  be  made  clear. 

Experiments  and  Results 

Foaming 

After  the  curing  agent  was  added  to 
100  g  of  the  phenol  resin  including  the 
foaming  agent  in  a  beaker,  two  kinds  of 
times  before  and  during  foaming  were 
examined  under  the  initial  circumferential 
temperatures.  The  expansion  volume  ratio 
before  and  after  expansion  in  the  beaker  was 
also  measured. 

Table  1  shows  the  experimental  results 
under  three  kinds  of  initial  circumferential 
temperature.  The  lower  initial  temperature 
was,  the  slower  process  of  foaming  started. 
Furthermore,  the  lower  initial  temperature 
was,  the  smaller  expansion  volume  ratio  was 
obtained.  Especially  in  the  case  of  15°c 
initial  temperature,  the  expansion  ratio 
dropped  down.  This  reason  is  that  the 
temperature  of  resin  influences  on  the 
diffusion  velocity  of  foaming  gas  and  that  the 
lower  initial  temperature  reduces  a  growth 
velocity  of  bubbles  in  the  phenol  resin. 


Table  1  Results  of  Foaming  times  and 
Expansion  Ratio 


Initial 

Temperature 

[°c] 

Foaming 
Start  Time 
[sec] 

Foaming  Time 
[sec] 

Expansion 

Ratio 

15 

2125 

137.4 

13.3 

20 

109.4 

90.6 

17.4 

25 

58.3 

91.7 

17.9 

In  order  to  mold  the  phenol  foam 
composite  by  the  plutrusion  technique,  it 
needs  a  longer  pot  life  for  the  sufficient 
immersion.  The  pot  life  means  a  period  from 
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Time  [min] 


Fig.2  Temperature  Change  vs.  Time 
under  Thermal  Support  (60°c) 


Coding  pipe  Heater 


Fig.3  Thermal  Distribution  of  Die 

mixing  of  the  phenol  resin  with  the  curing 
agent  to  the  start  of  foaming.  When  the 
temperature  of  resin  reached  at  39.8°c  owing 
to  the  chemical  reaction,  the  foaming  stated. 
Therefore,  the  lower  initial  temperature  of 
phenol  resin  could  extend  the  pot  life,  but  the 
expansion  volume  ratio  decreased.  In  order 
to  examine  the  relation  of  environmental 
temperature  to  the  expansion  volume  ratio, 
we  warmed  the  phenol  resin  in  the  beaker 
under  two  temperatures.  When  the  resin 
temperature  reached  at  39.8°c,  the  beaker 
was  soaked  in  the  hot  water  of  40°c  or  60°c. 

Fig  2  shows  the  thermal  sift  of  phenol 
resin  during  foaming  under  the  60°c  thermal 
support.  Under  the  60°c  thermal  support,  the 


temperature  of  phenol  resin  increased 
immediately  just  after  start  foaming,  and  also 
expansion  ratio  increased. 

Plutrusion 

When  the  temperature  variation  based 
on  the  experimental  result  in  the  beaker 
(Fig.2)  is  realized  in  the  interior  of  die,  the 
enough  time  to  immerse  the  glass  fibers  to 
resin  and  the  temperature  to  ensure  the 
proper  expansion  ratio  can  be  obtained  in  the 
plutrusion  forming.  For  realizing  this 
temperature  variation,  heaters  to  warm  up  the 
die  to  60°c  were  installed  at  the  latter  part  of 
the  die  and  the  former  part  of  die  was  cooled 
by  four  water  pipes.  In  Fig.3,  the  temperature 
in  the  interior  of  the  die  is  shown.  The 
designed  die  could  be  divided  into  the  two 
parts  for  the  immersion  and  foaming. 

In  order  to  decide  a  velocity  of 
plutrusion,  the  results  of  Fig.2  was  compared 
with  that  of  Fig.3  and  the  velocity  pulling 
out  the  glass  fibers  was  decided  to 
10[cm/min].  The  constant  volume  of  resin  Q 
supplied  by  the  feeder  was  calculated  by  the 
following  equation. 

Q  =  Vm  A  v  A  (1) 

In  which,  Vm  :matrix  volume  fraction,  A: 

cross  section  area  of  composite,  v:  pulling 
out  velocity,  x  :  expansion  ratio 

In  the  trial  forming  of  plutrusion,  the 
phenol  resin  was  supplied  60g/min  and  the 
volume  fraction  of  glass  fibers  was  6%  in  the 
phenol  foam  composite.  The  used  glass  fiber 
was  a  bulky  roving  type  because  it  was  easier 
to  be  immersed  in  the  phenol  resin  than  other 
types.  Furthermore,  a  continuous  strand  mat 
glass  fiber  was  also  used. 

Compression  test 

Two  types  of  test  specimens  were 
formed  to  evaluate  their  compressive 
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strengths.  Typel  used  the  bulky  roving  glass 
fibers  only.  Type2  employed  both  of  bulky 
roving  glass  fiber  and  continuous  strand  mat 
glass  fibers  and  this  mat  glass  fibers  were  set 
to  the  above  and  the  below  surfaces  of 
phenol  foam  composite.  The  volume  fraction 
was  kept  the  same  value  of  6%.  The  width, 
height  and  length  of  specimen  were  52mm, 
32mm,  and  100mm. 

The  results  of  compression  test  are 
shown  in  Table2.  The  typel  was  stronger 
than  the  type2  because  the  density  of  type  1 
was  larger  than  that  of  type  2.  The  phenol 
resin  in  of  type  1  was  not  fully  expanded  in 
the  die  owing  to  being  much  bulky  roving 
glasses  than  those  in  the  type  2  and  the 
continuous  strand  mat  glass  fibers  did  not 
give  so  effect  on  the  compressive  strength. 
Consequently,  a  relation  of  the  density  to 
the  compressive  strength  in  the  phenol  foam 
composite  should  be  further  investigated. 
Next,  the  strength  of  phenol  foam  glass  fiber 
composites  was  lower  than  natural  woods  as 
shown  in  Table3.  However,  the  strength 
will  be  improved  by  an  arrangement  and  a 
volume  of  glass  fibers. 


Table  2  Results  of  Compression  Test 


test 

piece 

s 

density 

(g/cm3) 

compressi 

ve 

strength 

(MPa) 

specific 
strengt 
h  (cm) 

specific 

Young’s 

modulus 

(cm) 

typel 

0.493 

13.01 

269 

30700 

type2 

0.452 

10.56 

238 

32700 

Table  3  Strength  of  Various  Woods 


density 

(g/cm3) 

compressi 

ve 

strength 

specific 

strength 

(cm) 

Artificial  Wood 

0.4 

14.7 

375 

cedar 

0.33 

27.44 

848 

hinoki 

0.41 

39.2 

976 

Conclusions 

Plutrusion  techniques  to  form  phenol 
foam  glass  fiber  composite  materials  could 
be  exhibited  by  taking  account  of  a  proper 
control  of  the  temperature  distribution  in  the 
interior  of  die.  This  temperature  distribution 
depended  on  the  division  of  die  into  the  two 
parts  for  the  immersion  of  glass  fibers  in 
phenol  resin  and  foaming  of  phenol  resin. 

Next,  a  type  of  bulky  roving  among 
various  types  of  roving  glass  fibers  was 
employed  because  it  was  easier  to  be 
immersed  in  the  phenol  resin  than  other 
types. 

Furthermore,  the  phenol  foam 
composite  strength  had  almost  the  same 
compressive  strength  as  artificial  woods  but 
it  was  smaller  than  that  of  natural  woods. 
In  order  to  increase  the  compressive  strength 
of  phenol  foam  composite,  the  volume 
fraction  of  fibers  should  be  increased  and 
then  the  relations  of  strength  to  the  fiber 
volume  and  the  expansion  rate  must  be 
investigated  in  future. 
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